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s n m R Y

A template directed [2+2] Schiff base condensation of 2,6-diformyl pyridine 
and 1,3 diaminopropane afforded the 20 membered Ns macrocycle "VT". The X- 
ray structure of the barium templated VT has been determined <M. G.B. Drew, 
at the University of Reading). Complexes of first transition series ions, 
obtained by transmetallation, have been characterized using electronic, 
infrared and esr spectroscopy. Results indicate that VT provides a cavity 
suitable for single atom bridged binuclear assemblies.

The Schiff-base strategy was further used to yield macrobicyclic 
cyclophanes from the [2+3] condensation of tris(amino ethyl) amine ie tren, 
with a series of aromatic dicarbonyls. X-ray structures and 'Hnmr. studies 
show that these macrobicycles have very different conformations in their 
complexed and uncomplexed forms.
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The work described in this thesis is in two separate but related sections - 
a macrocyclic study and a macrobicyclic study.

The macrocyclic study involved the Schiff base ligand "VT”. Binuclear 
complexes of this ligand were prepared and the mode of bridging, and hence 
the magnetic properties of the single atom azide, thiocyanate and hydroxide 
bridging group investigated to determine which group mediated the strongest 
interaction. Intermolecular interactions complicated the magnetic
behaviour of some of the macrocyclic complexes and prompted the move to 
macrobicyclic systems. Thus the Hi ̂ polyaza macrobicyclic ligand 3P was 
prepared in an attempt to find a ligand that would offer increased steric 
protection to the binuclear bridged assembly thus allowing a better 
environment for magnetic interaction.

The success of the synthesis of both templated and uncomplexed forms of 3P 
prompted us to try the condensation of tren with other dicarbonyl groups. 
These included terephthalaldehyde, isophthalaldehyde, 2,5 diformyl furan 
and 2,5 diformyl thiophene, which gave 3Bp, 3Bm, 3F and 38 respectively. 
All could be formed in both complexed and uncomplexed form except for 38 
which could not be formed as the metal free derivative.

All the ligands were successfully reduced (using sodium borohydride) to 
their octaamine derivatives R3P, R3Bp, R3Bm, R3F, and R38.

Many of the above ligands show fluxional behaviour in their'Hnmr spectra, 
and discussion of the macrobicyclic ligand series is centered on this 
aspect of the study. 8everal bridged structures have been prepared and one 
magnetic study is reported.

Ligand 3P gave an interesting, if irreproducible - pendant armed species, 
2P, in its reaction with silver.



■N

\ / ^ N .

'— /--- \ ,N-

N>

\ /
LIGAND 3Bp

\
LIGAND R3Bp

■N ■ % N'

■N N-
-N’ ‘N-

-N: N-

LIGAND 3Bm

A
■N

'N'

il-

A

WC

H
’N-

N-

■ff-

LIGAND R3Bm

A

%y B

'0 '

LIGAND 3F

LIGAND R3F



LIGAND 3S LIGAND R3S

NH.

LIGAND 2P.



Introduction Page 3

The work described in Chapter 2 (experimental), Chapter 3 (macrocyclic 
discussion) and Chapter 4 (macrobicyclic discussion) is proceeded in
Chapter 1 by a review of literature covering particularly the area of
transition metal molecular hosts. Four appendicies cover the areas of
electronic absorption spectroscopy, electron spin resonance, magnetism and 
spin relaxation effects.



CHAPTER 1 

REVIEW
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HACROCYCL^gS gnd CRYFTAffPS - a brief history.

Over the last 25 years the chemistry of macrocyclic coordination compounds 
has grown rapidly and the literature output of this area has developed from 
the few scattered reports prior to 1960‘‘’“®^to the current situation, where 
there are many sub-divisions within this class of molecule. A major reason 
for the recent interest has been the realization that metal ions 
encapsulated in macrocycles could have novel and potentially useful 
properties. Also many important natural products are cyclic or cavity 
based. There is the possibility of commercial use for macrocyclic complexes 
as dyes, optical and electrical materials and catalysts.

The earliest relevant studies on coordination compounds of the synthetic 
macrocycles emerged from New Zealand by Curtis in 1960<s> (Fig.1-1) 
although it was Thompson and Busch in 1 9 6 4 who achieved the first 
deliberate synthesis of a new macrocyclic ligand (Fig.1-2).

In 1967 Pederson<s) introduced a new class of macrocycle of which Fig.2-1 
is a typical example. These cyclic polyethers became known as "Crown" 
ethers because with them "cations could be crowned and uncrowned without 
physical damage to either, just as the heads of royalty." Their capacity to 
form stable complexes with the transition metals was limited<s> but this 
was compensated for by their interesting ability to form isolable 
crystalline complexes of the alkali and alkaline earth metal ions‘-®^and 
also by their ability to encapsulate small non metallic molecules or ions 

importance of these compounds is acknowledged but will not be 
discussed further except where relevant to the area under consideration.

Lehn et._„al, made a major advance in synthesizing the cryptands. These 
macrocyclic ligands represent an extension of the crown ether synthesis 
into the third dimension by utilizing tripod bridgehead nitrogens joined 
via polyether strands (Fig.2—2). Such ligands can totally encapsulate a 
metal ion that fits into its 3—dimensional cavity and in doing so forms an 
inclusion complex or cryptate. Lehn has extended the macrobicyclic ligand
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series to include purpose built macrotricycles and macrotetracycles<TT'T=> 
<eg.Fig.2-3,2-4)

From these beginnings the areas of bridged supramolecules, catenates, 
sepulchrates, cyclodextrins, cyclophanes, to name but a few classes have 
developed. Fig.3, Apart from the chemical properties of macrocyclic 
complexes, spin offs from this chemistry have included organic synthesis in 
the presence of metal ions and rationalization of the unusual behaviour of 
many metalloproteins. Synthetically 'tunable' environments of the 
macrocyclic type also have been used in (occasionally successful) attempts 
at generating metal ion catalysts. Biochemistry is itself all about 
catalysis on a major scale and it is clear that modelling/mimicking 
biochemistry is an important objective for the inorganic chemist.

IHE_MACROCYCLIC AED CRYPTATE EFFECT.

From the earliest studies it was realized that macrocyclic ligands could 
^®part unusual properties to the complexed metal ions. Examples include 
slow rates of formation and dissociation of the complex'̂  ’ , high ligand
field strengths<T*> and large stability constants for macrocyclic complexes 
when compared with the corresponding open chain ligands<Ts>. The term 
'macrocyclic effect' was coined in recognition of these properties. It is a 
collective term incorporating both kinetic^^^.T^) and thermodynamic 
factors<TS'T7 ), An extension of the macrocyclic effect - the cryptate 
effect is used to describe the analogously enhanced stability of
macrobicyclic systems over macrocyclic systems,

Cox compared the stability constants of the silver, barium and
potassium complexes of macrocycle (2 .2) with the macrobicycle (2 .2 .2) 
(Fig.4), The small change in the silver ion value is due to the selectivity 
of silver with nitrogen. Buschmann has also used the above systems and
compared them with the noncyclic analogue Fig.4-3 and studied their complex 
formation with Co(II) and Ni(Il)cations.
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SmHESIS^-

The synthetic routes to macrocyclic ligands fall into 2 main categories;

(1) DIRECT SYNTHESIS by conventional organic chemistry. This has been 
extensively employed in the preparation of cyclic tetraamines, crowns<®> 
and cryptands Yields for directly synthesized macrocycles are 
frequently very low because of competing intermolecular polymerization 
reactions. This problem is usually controlled by completing the final ring- 
closure step under conditions of high dilution. Several cyclic amines have 
been prepared in high yield by direct synthetic routes (za-zs).
High pressure techniques <=^,217) are providing an alternative to the high- 
dilution techniques, providing the compounds do not contain reducible 
groups. Recently Jurczak et al <=©5 reacted a-w-tertiary diamines with a,w- 
di-iodo compounds to give the cyclic bis-quaternary diazacoronand salts in 
high yield (=80%) Fig.5.
(2) IE SITU SYNTHESIS involves cyclization in the presence of a metal ion. 
Cyclic polyethers excepted, the template or in situ synthesis*^^  is the 
most frequently used method of forming macrocycles. However in some cases 
Group I and II metal ions can be used as template agents in forming crown 
ethers<32). The template effect is believed to arise from the ability of 
the metal ion to organize the open chain reactants in a conformation 
favourable to ring closure <30.3 3,©a)

Cryptands can be prepared by direct synthesis or by template synthesis, arid 
extension into the macropolycyclic manifold requires consideration of 
synthetic strategies for the construction of such multibridged frameworks 
<3B>. Fig. 6 shows the various approaches to the synthesis of cryptands. The 
stepwise process requires two cyclization reactions (each forming two 
bonds) but generates an intermediate macrocycle which may also present 
interesting properties and allows the introduction of 3 different bridges 
A,B and C Fig. (7-1). The tripod coupling process is a "one pot" procedure 
but can suffer from extensive side reactions since it requires formation of 
3 bonds in a single condensation step; Fig.7-2. This method also gives 
access to * left-right*-dissymmetric macrocycles when 2 different tripodal 
subunits A and B are employed Fig.7-3; these compounds conserve a three
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fold symmetry axis through the bridgehead atoms. The synthesis of triply 
bridged cyclophanes triphenylmethane and 1,3,5 triazine «-*==5

involve the 'tripode* coupling mechanism. Compound 0-BISTREIT has been 
synthesized using a step wise manner Fig. 7-4.

Twelve centre reactions involving the near simultaneous formation of 6 

bonds in a single step which belong to the ' tripode capping' type Fig. 6 

afford macrocyclic cryptands Fig. 8 and templated capping gives
sepulchrates<^s) Fig.3-2. Triple bridging of Cs cyclotriveratrylene <CTV) 
derivatives leads to bis-CTV<*s> and speleand<*^) macrocyclic cages.

Lehn<=T> has synthesized macrobicyclic polyamines by direct 
macrobicyclization via tripode-tripode coupling. This involves simultaneous 
formation of 3 C-H bonds via a (C-X and tosylamine) reaction and without 
recourse to high dilution conditions Fig.8. More recently<^®> he has 
directly linked bis-heterocyclic rings, in a single step synthesis Fig.9(1-
4) the products of which are of special interest as metal binding sites for 
macrocyclic ligands. Indeed they have formed 1:1 inclusion complexes with 
the luminescent lanthanide ion Eu(III) and so may function as light 
conversion molecular devices^^^'^o)

Schiff-base Macrocycles and Cryptands.

Condensation of amines and carbonyl functions to give Schiff-base products 
has been important in the development of coordination chemistry<=s,si)^ and 
has been widely exploited in the synthesis of nitrogen donor macrocyclic 
and chelating ligands<^^.30,33 )̂  The template method of synthesis is 
particularly useful in the formation of such Schiff-base macrocycles. 
Schiff-base condensations Fig.10 are known to proceed by way of 
nucleophilic attack by the amine group at the carbon atom of the carbonyl 
function to yield a carbinol amine intermediate (seldom isolated) followed 
by elimination of water to generate the imine^^z), Normally the reaction is 
acid catalysed but this role may be taken by a metal ion, which functions 
as an acid by drawing electron density away from the coordinating carbonyl
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function. In this case the imine product is generally isolated as the metal 
complex.
Two template effects may be recognized : the kinetic template effect in 

which the metal ion controls the steric course of stepwise reactions so as 
to lead, for example, to cyclic rather than polymeric products; the 
thermodynamic template effect where the metal ion disturbs an existing 
equilibrium so as to increase the yield of the desired product. It is often 
difficult however to separate the two effects and it is probable that both 
are simultaneously operative in very many synthesis.

Where Schiff-base ligands are concerned the use of templates is widespread 
although several Schiff-base systems have been isolated in the absence of 
metal ions This may result from a low solubility of the
macrocyclic product as against other non- macrocyclic species present or to 
a special stabilization of, the macrocycle arising from the presence of 
intramolecular hydrogen bonds<3^'*0'*T>. For a full discussion of the 
mechanistic aspects of template synthesis and the role of the metal ion 
control in macrocyclic synthesis consult references 30,33 and 34.

For many templated species, the Schiff-base is stable only when 
coordinated, and attempts to liberate the free ligand from the complex 
often leads to ligand decomposition. An exception to this is the series of 
cryptands including the OsHe bicyclic structure described later in this 
thesis which can be made metal free (=30% yield) and templated on Bad I) 
(75% yield). Template ions most commonly used for Schiff base macrocycles 
are the Group II metals, Pb(II) or Ag(I) which are large and sterically 
non-demanding. It is only within the last few years that lanthanides*^®®^ 
and actinides<®®> have been used successfully as templating agents. Fig.11 
shows the first six N donor macrocyclic complex reported for any of the 
actinides<®^>. It is exceptionally inert towards release of even in
the presence of acids or strongly competing ligands, suggesting systems of 
this type may be used advantageously when effective sequestering of the 
actinide ion is an important requirement.

The choice of template metal ion can control the product obtained via its 
geometric coordination preferences. The size of template ion chosen can be
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used to direct the condensation e.g. between one molecule of dicarbonyl and 
one molecule of diprimary amine versus 2 molecules of each reactant <e©-eo? 
or more thus forming C1+1],C2+23 or C4+43 macrocyclic products
respectively. 2,6 diacetyl-pyridine (DAP) and 2,6 diformyl-pyridine (DFP) 
have prooved to be particularly useful precursor dicarbonyls with their 
strongly donating pyridine 'anchor' which serves to hold and activate the 
carbonyl towards nucleophilic attack However 2,5 diformylfuran, (DFF)
2,5 diformylthiophene (DFT) and pyrrole based macrocycles are also well 
documented.

There are many examples of C1+13 condensations giving tri, tetra, penta and 
hexadentate closed cyclic systems. Fenton<s3> and Lindoy<s*> have recently 
employed C1+13 condensations to give oxa-aza macrocycles capable of metal 
ion recognition. A collection of examples of Schiff base polyaza and mixed- 
donor C1+13 ligands are shown with references’̂®®̂  in Fig. 12. Many open 
chain C1+13 condensation products have also been reported but will not be 
discussed here.

Whether a C1+13 or [2+23 cyclic condensation occurs depends, at least in 
part, on the size of the metal ion used in the template process. Thus while 
Midi) affords the 14 membered 'Ma' C1+13 macrocycle L’ Fig. 13-1. the 
larger Agd) cation produces the binuclear complex [AgzLTXz (X=(C10a, BPha) 
Fig.13-2 in which the ligand is a 28 membered macrocycle derived from a 
[2+23 condensation ®’̂. The relatively large size of the Agd) ion appears 
to be responsible for directing the course of the reaction towards the 
[2+23 rather than the [1+13 product.

Application of this principle to other systems has resulted in the 
synthesis of [2+23 macrocycles of various sizes, which differ in number, 
nature and disposition of the donor atoms. The alkaline earth metal cations 
have proved particularly effective templating agents in these systems and 
from these, by transmetallation (see later discussion), a range of mono and 
binuclear complexes have been prepared ®’=*. Selected examples of [2+23 
Schiff-base macrocycles are shown with references in Fig.14<®®> and 
comprehensive accounts of Schiff-base macrocycles are found in references 
30,33.
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A C4+43 <G7.Ge> condensation has been reported. This was observed by McKee 
in a Mn(II) derivitive of the ligand shown in Fig.15. The 40 membered 
macrocycle is found wrapped around a tetrahedral Mn(II) core in which each 
endogenous alkoxide group is in contact with 3 Mn(II) ions.

Novel chelating ligands have been prepared by Beer^®^^ who used a [1+23 
diamine, carbonyl Schiff-base condensation to give the bis (crown ether) 
ligand Fig.16 which contains a pair of recognition sites for alkali and 
transition metal guest cations. These multisite receptors may exhibit 
allosteric properties by binding sequentially 2 or more guest metal
cations. The resulting polynuclear complexes may facilitate electron 
transfer studies and serve as models of relevance to biological redox 
processes.
Fenton<^^> also using a C1+23 diamine, carbonyl reaction produced a series 
of compart mental ligands Fig. 17 which can form complexes with Nidi)
and Cu(II). Fig.17-5 is capable of forming homo and heterobinuclear 
complexes. Fig.17-6. Lehn<^=> and Nelson^^^) have used a [2+33 condensation 
method of synthesis to give a series of macrobicycles Fig.18.

TRANSMETALLATION.

Such templated Schiff base macrocyclic compounds are potentially capable of 
forming binuclear complexes with transition metal ions because the template 
ion may be replaced in the complex by treatment with a salt of another 
metal ion which is itself ineffective as a template for the ligand 
synthesis. This metal ion exchange or transmetallation Fig.19 occurs
readily when a larger alkaline earth metal is to be replaced 6y a smaller 
transition metal or other metal likely to form stronger bonds with the 
ligand donor atoms. In this way the macrocycle, macrobicycle or other 
Schiff-base ligand is 'captured' and stabilized by the 2nd metal ion before 
decomposition sets in. Although the precise mechanism of the 
transmetallation reaction is unknown it seems likely that it involves a 
concerted process in which the incoming metal ion becomes partially bound 
to the ligand before thé outgoing (template ion) is fully released. In this 
exchange process a single alkaline earth metal template ion may be replaced
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by 1 or 2 transition metal ions Fig. 19-2. In this way a series of 
binuclear complexes can be prepared.

POLYAZA MACROCYCLIC LIGANDS & COEPLEZS&..

Polyaza macrocyclic and macrobicyclic complexes have attracted much 
attention for the unusual properties they display which are not always 
encountered with their open chain analogues: an extreme kinetic stability, 
high thermodynamic stability and frequent stabilization of unusual 
oxidation states (eg. +3 state of the normally divalent Ni(II) and Co(ID) 
enforced on the metal ion via the electron-donor properties of the so- 
constrained donor atoms. The macrocyclic polyamines are basic and thus in 
their protonated form are useful as anion complexons whereas they behave as 
good cation receptors (especially the transition metals) in the 
unprotonated form. Because of their ability to encapsulate 2 transition 
metal ions in close proximity there is much interest in these complexes as 
bio-models. Often, however, the basic macrocyclic structure cannot include 
all the required functional groups within its framework to mimic the 
natural system. However additional functional features may be introduced 
into the system by means of elegant synthetic work to incorporate the 
required functionality or by means of pendant arms. The incentive for 
attaching functionalized pendant arms to the macrocyclic polyamines, arises 
because some biological macrocyclic tetraamines (eg. porphyrins and corrin) 
are functionalized for their specific activities by having proximate donor 
ligands such as imidazole, phenolate or cysteine at an axial position. 
Therefore it is hoped that incorporation of intramolecular axial donor 
groups into macrocyclic polyamines might confer various enzyme functions 
upon the metal complexes.

Thus, over the last decade funtionalization of the established systems 
shown in Fig.20 has become an interesting and often rewarding area of work, 
leading to many new systems which show a diverse range of uses and 
properties. Fabbrizzi has looked at the temperature dépendance of the 
Niiii/Nfii redox couple in aqueous solutions of the above systems 
Trapping of the metal centre within the cyclic coordinating framework, with
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closely bound saturated amino groups stabilizes the oxidation state.
The solution stability of the trivalent complex relevant to the divalent 
one is expressed by the value EvtCïïî ^̂ /lîî )̂, a quantity that can be 
modulated over a substantial range of potentials through structural 
modifications on the ligand : 
i. - nature and number of donor atoms
ii - size of the macrocyclic cavity
iii - the degree of unsaturation
iv - the presence of substituents on the ÏÏ atoms or(%. on the carbon
backbone<79))

The work on the thermodynamic aspects of the Hi^^^/Ni^^ couple showed
that the attainment of the trivalent nickel in solution depends on (1) 
solute-solvent interactions controlling access to the M(III) state (which 
is favoured in processes involving less pronounced uptake of water 
molecules) (2) steric effects - coordination geometry preferences for 
different oxidation states. Thus the nature of the ligand and its degree of 
delocalization will influence the oxidation state - delocalization favours 
low oxidation states.

Entry of metal ions into cavities of unfunctionalized macrocycles is often 
rather slow, partly because of the ligand conformational changes which can 
occur following initial metal cation binding <eo-83). Studies indicate that 
functionalized macrocycles with pendant coordinating arms, may allow entry 
of a metal ion into the macrocycle cavity at a more rapid rate than is 
possible with the unfunctionalized parent molecule. The proposed mechanism 
involves initial capture of the metal ion by the pendant arm followed by 
transfer to the macrocyclic cavity <©̂ -©■73. Therefore not only would the 
pendant arms enhance the stability of the final products but they would 
also be beneficial in aiding the kinetics of the overall formation process.
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TRIA^m CSQGICLES.

Cyclization of saturated triamine ligands has remarkable thermodynamic and 
kinetic effects on complex formation and a recent review shows the
considerable current interest in the coordination chemistry of 
triazamacrocycles. Early studies were limited to unsubstituted
triamines of various ring sizes which coordinate with transition-metal ions 
only facially for 3 coordinate 1:1 complexes with the remaining sites 
unoccupied (or solvated) in solution or for 6-coordinated 2:1 complexes 
<e8f,s8a). The triamine ligands that posses a potential fourth donor 
covalently attached to the macrocyclic ring can greatly affect the 
structure and properties of the complex. .

Moore has reported the synthesis of M-funotionalized tri-(and tetra) aza 
macrocycles with a single pendant co-ordinating 2,2■-bipyridal-6-yl methyl 
arm (ss.sou Fig.21-1. From an X-ray structure of the Mi(II) complex Fig.21- 
2 it is seen that the metal ion is pseudo-octahedral with a coordinated 
water molecule in a trans position to N(I) and with the coordinated M-atoms 
of the pendant bipyridyl group in trans positions. The tetra aza species 
binds through all 6 M atoms and gives 6 coordinate complexes in compounds 
studied so far <©3^, Moore has used stop-flow spectrophotometry to 
establish the 2 stage mechanism of the ligands with metal ions as
shown in the scheme below:-

ki
CM-(dmso)s3^’*’ + L  ̂ intermediate --- ^ products

kz

ie. an initial rapid second order process .is followed by a much slower 
first order rate equation . The rate constant (ki) and equilibrium 
constants (ki/kz) were similar for the tri and tetraaza substituted 
ligands. This is significant since it reveals that the intermediates 
involved in the initial coordination must involve only the metal and 
pendant arms and that the bonds to the nitrogen atoms of the macrocyclic 
rings must form during the slower second stage. Moore has also used
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MezMCHzCHz to M-functionalize the triaza species and observed coordination 
of the pendant arins*̂ ®'',

Kimura has synthesized metal complexes of macrocyclic triamines bearing a 
phenol pendant Fig.21-3, The phenolic 0-donor in general shows strong
interactions with Cu(II), Midi), Zn(II) and Co (II) as supported by 
perturbed ÜV spectra of the phenol. As a result of this coordination their 
1:1 complexes are more stabilized with respect to their parent [123ane Ms 
complexes. The phenolate interactions are generally stronger in the 
triamine compared with the tetraamine complexes.

When tumor-localizing monoclonal antibodies are radiolabelled for use in 
tumor imaging, it is essential that the radiolabel does not dissociate from 
the antibody conjugate over a period of several days. Presently Parker gt. 
al 0=*^ are using macrocyclic complexes to bind the t emitting radiolabel 
■’’■'In (tw. 2.83 days), taking advantage of their slow rate of metal
dissociation. They used a hexa-coordinating ligand with 3 ionizable groups 
to reduce the effective nuclear charge at the tripositive indium centre 
Fig.21-4. The overall complex is then electrically neutral and is therefore 
much less sensitive to acid-catalyzed dissociation. By then C-
functionalizing the ligand it can be covalently attached to an antibody
which selectively binds to tumor associated glycoprotein found in human
colorectal and breast cancers.

Di Vaira <̂ 4.) has been successful in arming tri and tetraaza macrocycles 
with coordinating imidazole groups Fig.21-5, while Tsukube has
recently reported a new series of "pyridine-armed" aza macrocycles. Fig. 
21-6. Pyridine-armed triaza macrocycle selectively and efficiently 
transported Ma"*" while the analogous thiophene and benzene armed species 
could not act as effective carriers for any examined cations. The tetraaza 
analogues showed lower transport abilities as did the crown and 
hemispherand type ionophores. Thus the triaza macrocycle armed with a 
pyridine pendant arm clearly offers a new and effective ionophore for hard 
metal cations.
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TETRAAZA H&CRQCYGLEg,.

Tetraaza macrocycles were developed in the early 1960's due to the 
pioneering independant contributions of Curtis and "Busch <2 ?̂. Among 
synthetic tetraaza macrocycles, the most popular is surely cyclam, Fig,20- 
2c whose simple and convenient synthesis was described by Barefield*̂ ®®-'*. 
Paoletti found using a series of 12-16 membered tetraaza macrocyclic rings 
Fig.20-2(a-f) that the 14 membered saturated macrocycle cyclam is able to 
exert extremely strong coordinative interactions with 3d metal cations 
compared to the analogues of higher and lower atomicity while
Fabbrizzi observed that the complexes of cyclam were more stable than
those formed by the other 14 membered tetraaza iso cyclam Fig.20-2b.

In an attempt to determine the steric effects on the stabilization of the 
high oxidation states of encircled ions Fabbrizzi Bf-mono-functionalized 
cyclam with a methyl group . This caused a destabilization of the
trivalent state indicating that apical solvent molecule/methyl group 
repulsion plays a minor role in the oxidation of the divalent metal. A far 
more important factor is the U-methyl induced weakening of the metal-N bond 
which is greater for the trivalent than the divalent cation.

Fabbrizzi has long been interested in the transport of 3d metal ions across 
a bulk liquid membrane by lipophilic carriers. To this end he designed the 
open chain tetraaza <=’='•■*; systems shown in Fig. 22-1 and 22-2 which can 
transport metal ions across a bulk liquid membrane. The process is 
controlled by a concentration gradient and extraction yields for a given 
metal are affected by the pH of the aqueous layer and by the nature of the 
counter ion. However more recently he has designed a mono-H-functionalised 
cyclam to act as a carrier able to perform selective electron transport 
across liquid membranes '’“̂^^Fig.22-3. The system behaves as a 3 phase 
device that allows oxidation of the metal centered redox agents with 
aqueous peroxydisulphate according to the scheme in Fig.23. In the reaction 
conditions electron transfer from Red(aq) to 8zOe=- (aq) does not take 
place directly but is mediated by a carrier - the lipophilic Hi(II) 
tetraaza macrocyclic complex dissolved in the organic layer which separates 
the 2 aqueous (oxidizing and reducing) compartments.
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Fabbrizzi has constructed a novel functionalized ÏÏ-<aminoethyl) cyclam in 
which a NHzCHz-CHz- chain is appended onto the ring Fig.24-1. The
tail can coordinate to a metal centre held within the ring and thus the
ligand can behave as a quinquedentate ligand. The first example of ligands 
of this type were described by Kaden Fig.24-2, The Ni(II) complexes
of this ligand type behave as acid-base indicators because when the side 
chain is coordinated (low pH) the species are a blue colour (high spin) but
when the side chain is protonated (high pH) it is uncoordinated and the
complex is yellow due to the low spin configuration of the Ni (II) metal 
centre Fabbrizzi has termed such ligands -"Scorpiands". Hay « 
prepared a C-functionalized cyclam derivative containing a -CH2NH2 

appendage Fig.24—3. The addition of acid to the Ni(II) complex caused the 
blue to yellow colour change due to protonation of the aminomethyl group. 
Hay has also functionalized all 4 nitrogen donor atoms with 2—hydroxyethyl 
Cl045 and 2-cyanoethyl groups

Krakowiak has prepared several monofunctionalized cyclams (and triaza
crowns) containing a secondary amine group on a side chain Fig.24-4, An X- 
ray structure of the silver complex shows that the N atom of the side chain 
interacts strongly with the silver ion,

Kimura has. renovated the classical cyclam structure (and other polyamines) 
in 4 ways
-1- conversion of amines into amides (ie, dioxocyclam) <Toe)Fig,25-l 
-2- replacement of N donors for S donors <107,pig 25-2 
-3- replacement of skeletonic C-H for C-F < Fig, 25-3

attachment of intramolecular pendant donors which may be C—pivot donors 
C123, no-ns.-. Fig. 25-4 or N-pivot donors Fig. 25-5.

Kimura studied the complexation of the dioxo tetraaza macrocycle with the 
0x0 groups ois_ to each other whereas Fabbrizi studied the
equilibrium measurements of complexation of the dioxo macrocycles bearing 
trans amide groups

Heares  ̂̂ ̂ has prepared a bifunctional ^*Cu 6-Cp-(bromo-acetamide)benzy]- 
1,4,8,11 tetraaza cyclotetradecane -1,4,8,11 tetra acetic acid complex
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(CĤ In

N — Cu — N

n = 2.3.A.5.6
Cû tn-bicy)̂ -̂   ̂ ^ Cuztn-dfp)

. R = CHj CujCn-dap)
■ ref 124b

ref 125

FIGURE 27



FIGURE 27 contd. C,C'-bis(macrocyc]es'

NH HNNH HN

NH HN'NH HN

NH HN(NH HN ref 127

FIGURE 28

A TETRAAZA MACROCYCLE OF THE CYCLOPHANE TYPE.

(D  » K  
(2) »COOF.e

"Il /

y * "  %
çp

V

X
N R

R2N N
v _ y

R2

l’; X = 0; r ’ = H, R^= Me
: X = H2 : r' = H, R^ = Me

L̂ ; X = H; ; r ’ = R^ = Me
FIG.29-2-4 ref 130b

FIGURE 29.
EXAMPLES OF PENTAAZA.

FIG.29-1 ref 130a

R

FIG.29-5 ref 13C



Review Fsge 17

Fig.26-1 for use as a tumor imaging and tumor therapeutic agent, Parker who 
has functionalized the triaza ligands has also prepared ^^CuCII)
tetraaza macrocyclic systems Fig,26-2 that can attach to an
antibody. Here the side arm is a primary amino group,

Kaden has used functionalized tetraaza macrocycles to see if the
metal ion modifies the properties of the functional groups in side chains 
in the same way as the side chain modifies the properties of the coodinated 
metal ion using visible spectroscopy and redox potentials.

The bis (macrocycles) in which two cyclic polyaza subunits are linked 
together either through an aliphatic chain joining 2 macrocyclic H-atoms 
(H;N'-bis(macrocycles)<T=T-i2S) or by a chain joining 2 macrocyclic carbon 
atoms (C,C bis (macrocycles) ) * • ■ are ligands capable of strongly 
coordinating pairs of metal ions. Some of these dinuclear assemblies 
display redox activity in solution disclosing two consecutive one electron 
redox steps. Communication between the 2 metals may be through 2 main 
pathways (1) electronic-direct interaction or delocalization through a 
bridging coordinating group, and/or (2) electrostatic. Fig,27 gives some 
examples (with their references) of the bis(macrocycle) ligands,

Lehn has synthesized a tetraaza macrocycle of the cyclophane type
Fig,28-1, The tetramine forms a chloroform inclusion complex and the 
protonated species Fig,28-2 binds the dicarboxylate anion.

EE5IMZA KACEQCYCLIC COHPOTJHPS.

Reports of work involving pentaaza macrocyclic compounds fall in the shadow 
of the highly successful tetraaza cyclam models. Also many pentadentate 
macrocycles offer a mixed donor set or else have been functionalized by 
means of endogenous bridges or groups (both will be discussed in later 
sections). However some examples of pentaaza ligands are shown in 
Fig.29<'=o).
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Busch obtained the saturated ,pentaaza macrocycle, which is the cyclam 
structure adapted to include the pyridyl group, Fig.29-1 by reducing the 
Mn(II) templated Schiff base product with an B'iFf”  ̂/Al*̂   ̂̂ alloy in basic
aqueous solution Moore has functionalized this system using
methyl groups to give 3 related pentaaza ligands Fig.29(2-4). However all 
complexes formed with the functionalized ligands are less stable than the 
analogous tetraaza systems.

Kimura has developed his oxo polyamines to include the dioxo pentaaza 
ligands Fig.29-3 and has made an X-ray study of the redox behaviour
of the Hi::/Mi:i: oxidation which involves significant ligand distortion.

HEXAAZA MACROCYCLIC LIGAHDS.

The number of hexaaza macrocycles is ever increasing and it is difficult to 
review such a large area of work. Fig.30 gives a number of examples (with 
their references) It is also noted that these hexaaza ligands are
capable of forming many binuclear complexes which can be useful in 
biomimicry studies where a bridging group between 2 closely held ions is 
required.

Acknowledgement of Sargeson's macrobicyclic sepulchrates and sacrophagines 
and Martell's macrobicycles O-BISTREM/BISTREM ligands is noted and these 
will be discussed later.

LARQE m YAZACYCLQALKABEg.

The adjective 'large' has been used to describe polyaza cyclo-alkanes 
having more than 6M donor atoms They are interesting ligands because
owing to the greater number of donor atoms they can form polynuclear metal 
complexes in which the M'̂ -M’*’ interactions can be studied and because they 
are polybasic making the protonated forms suitable for anion coordination.

Paoletti has synthesized C24ane Ne]<T3=>, C27ane Ms] ^ , [30ane 
C33ane and [36ane containing 8,9,10,11 and

12 M donor atoms respectively. Fig.31-1 shows the general structure of
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these systems. The basicity constants show that the macrocycles behave as 
relatively strong bases in the first protonation steps and as a weaker base 
in the later steps which can be explained in terms of charge repulsion 
effects (137,128), Stable binuclear complexes with Cu(II) are obtained for 
Me, Ms and Mio ligands while the 2 higher members of the series form stable 
trinuclear species. Their complexation of the anions [Fe(CM)s3'*“ and 
[Co(CM)e]3- did not give evidence of selectivity with respect to the size 
of the macrocyclic cavity. This is consistant with strong interaction, 
mainly coulombic in nature, between the anion and the protonated second 
sphere ligand.

Lehn o®®) î ŝ poly-M-acetylated macrocyclic polyamines C183-Me and [30]- 
Mio, Fig.31-2, the products of which form Langmuir monolayers in which the 
macrocycle lies flat on the water surface while the alkane chains sit 
upright in the compressed film.

There are various analogues of the polyaza systems. The crown ethers are 
the oxygen analogues which are well known and established. Fig.32 shows the 
thioether anologues which due to the m acidity of the sulphur donors have 
tended to favour lower oxidation states often stabilizing M"*". Indeed Cooper 
ciAO) found that the 9Ss ligand. Fig.32-1 was able to stabilize monomeric 
Rh(I) that had prooved elusive by virtue of the tendancy of the Rh(II) 
complexes to dimerize and/or disproportionate to Rh(III)/Rh(I). Schroder 
<iAi) studied the tetrathia systems with respect to Ft(II) and Pd(II)
binding and their subsequent carbon monoxide and hydride insertion 
reactions at the metal template.
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The systems discussed thus far have been homoleptic macrocycles however the 
interactions of metal ions with O-N mixed donor macrocycles has been the 
subject of a range of recent studies. Systems having endogenous groups 
represent a large group of these mixed donor macrocycles and will be 
discussed in a later section.

Lindoy has taken 3 approaches in developing mixed donor macrocycles for 
metal ion discrimination.

Firstly Dislocations*-’ occur when the gradual change of properties along 
a ligand series induces a sudden change in the coordination geometry for 
the complexes of adjacent molecules. The occurrence of such a dislocation 
can form the basis for discriminating between these ions. Using the ligand 
series shown in Fig 33 Lindoy examined the complexation behaviour of 
Ni(II), Zn(II) and Cd(II) and for both Zn(II) and Cd(II) dislocation 
behaviour (i.e. discrimination) was observed Other such studies have
been carried out

Secondly he has investigated metal ion complexation across a matrix of 
related mixed donor macrocycles such as those in Fig.33, searching for 
stability maxima at different points of the matrix. A typical 3-dimensional 
matrix might exhibit variation of macrocyclic hole size along one 
direction, increasing macrocyclic ring substitution along another and 
variation of donor atom type along a third. He has used the matrix approach 
to achieve high discrimination for Ag(I) over Pb(II)

he has N—fünctionalised an 0—N macrocycle with benzyl groups 
Fig.34. The stability of the complexes formed with this sterically hindered 
ligand tend to be much lower than those of the respective unsubstituted 
parent macrocycle and only in the case of Ag(I) was there any observed 
enhanced stability. A study of space filling models led to the proposal 
that Ag(I) induces a major conformational change in the macrocycle i.e. 
Ag(I) alone can act as a 'trigger' for the conversion of the macrocycle to
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a sterically locked conformation ideally suited to this ion. If this 
interpretation is indeed the case, then such behaviour represents a new and 
potentially important mechanism for achieving metal ion discrimination 
which does not appear to have been investigated previously. Hancock has 
also examined H-O donor systems with respect to metal ion selectivity on 
the basis of size using molecular mechanics.

Helson has studied many examples of macrocyclic complexes from the O-H 
mixed donor category as part of a wider investigation of the role of the 
metal ion in template synthesis of such macrocyclic Schiff base systems
< 30 , 1 JÜ.7 >

Mertes has recently described a "convergent route", Fig. 35-1, for
the synthesis of unsymmetrical H-functionalized mixed donor macrocycles 
that is potentially applicable for the synthesis of a wide variety of 
macrocycles of differing ring size and heteroatom substitutions. The bond 
disconnection shown in Fig.35-2 highlights two advantages of the method. 
The western half of the macrocycle can be varied in the cyclization (step 
8) leading to a variety of ring sizes and substituents X. The eastern half 
is prepared conveniently in a convergent sequence (A) that employs, in the 
examples given, the cyanoethyl group as the pendant functionality. 
Furthermore, the length of the eastern section can be readily varied to 
give different ring sizes and heteroatom substitutions (Y) e.g Fig. 35-3.

Fenton has contributed to the development of metal ion selective ligands 
via mixed donor macrocycles , and has studied the selectivity of the 
ligands in Fig.36(1-3). The inclusion of both strong and weak donors 
coupled with various chelate ring sizes and flexibilities in macrocyclic 
systems is likely to effect discrimination between metal ions. Such 
discrimination is usually structurally based, there being one or more donor 
atoms nonbonded and/or a different complex conformation of the ligand. This 
can result in an energy difference between the complexes, hence one metal 
complex is stabilized thermodynamically with respect to another.

Some metal ion discriminization has been observed with ligand 2 in Fig. 36. 
The Hi(II) complex is destabilized relative to the copper (II) complex due
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to the non-coordination of one of the ether-oxygens; there is also a 
difference in the macrocycle conformation ligand 3, which has a
larger cavity and is more flexible than 2 (Fig.36), can form complexes with 
Mn(II), Co(II), Ni(II); Cu(II), Zn(II) and Cd(II), Solution studies 
indicate a variety of available coordination modes dependant upon both the 
metal and anion present - these results, are supported by X-ray crystal 
structures

Many of Lehns early cryptands were all N-O donor systems and there is a 
recent review article on the synthesis of these aza-crown macrocycle 
systems However there are now various other mixed donor systems
offering, N-S, N-S-0 and N-P donor atoms.

The macrocyclic ligands containing thiolato functions are still rare. 
However because the thiolato function can be expected to be an effective 
mediator, of steric. and electronic effects these systems have promising 
applications as chemical sensors. .

Becher «’si? has reported an efficient synthetic route to a series of 
ligand systems in which a soft donor site is combined with a hard polyether 
site via 2 hinging central thiolato functions Fig.37-1. Where n=2 a 
heterobinuclear Ni(II)/Th(I) complex has been formed.

Schroder and Lavery (isa.ies) have developed a series of 84N2 ligands 
Fig.37(2,3) which balance the redox properties of the 2 opposing donor 
types i.e. N donors stabilize higher oxidation states of transition metal 
ions probably due to the largely y donor nature of the bonding effectively 
stabilizing the large +ve charge on the metal centres. The tz acidity of the 
thioether donors has tended to favour lower oxidation states often 
stabilizing Both mononuclear and binuclear species can be generated
with Ft(II) and Pd(II). Mononuclear complexes are formed with the 1*"̂  row 
transition metals Mn(II) to Zn(II) by 37-2. The Cu^^/Cu^ reversible redox 
change was at Eh, = -0.31V and no Cu^ complexes with 37-2 were isolated , 
The Cui: complexes of the methylated ligand had a reversible change at 
Eh,=0,06V assigned as the Cu^^/Cu^ couple by esr. The large differences in 
the reduction potential for the nonmethylated and methylated ligands
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Cuii/Cui couple is due to unfavourable steric interactions in the latter,
which increases the C N distance so reducing strain. This allows for a
closer approach of the 4 thioether groups increasing the sulphur 
coordination to the Cu^^ and so provides greater stability for the Cu^ 
oxidation state. This stability is reflected in the isolation of a stable 
binuclear Cu^ complex for the methylated ligand in which each Cu^ is bound 
by an #282 donor set similar to that in type 1 ,copper proteins,

Markl has reported various mixed donor systems and novel tetra thio
species Fig,38(1-6), while Micheloni has expanded his work on substituted 
tetraaza macrocycles to give a macrobicyclic ligand containing a
sulphur atom in the added chain «ise? Fig,38-7, This cryptand forms an 
extremely stable mononuclear Cu^^ complex,

Parker has recently synthesized heterotopic ligands containing 2
distinctly different- binding sites which can co-complex 2 different metals 
Fig,39(1-7), Ligands 1-4 formed rhodium-carbonyl complexes e,g, 39-6 while 
39-2 is sufficiently large to permit co-complexation of a coordinatively 
unsaturated d® metal centre and a Group 1 or 2 metal cation or a neutral 
small molecule such as CO Fig, 39-7, He has also synthesized the H, 
bridged bis-C93 HSs macrocyclic ligand 39-8 which has been prepared via a 
six step synthetic route - the 1:1 silver (I) sandwich of this ligand has 
been characterized

Lippard has developed heterobinucleating oxa-aza-phospha and 0x0-
phospha macrocycles - C223PsOsHs and [213 PzGs respectively Fig,40, He has 
called these ligands, based on the tropocorand structures - phosphands.

IHCLÏÏSJQH CQHPLEXES OF HOLECÏÏLAR TRAHSITIOH METAL HOSTS,
■<PL?.S.. A LITTLE EXTM >.

The analogy between host-guest complexes and enzyme-substrate complexes has 
directed much attention to host-guest chemistry. The term *host-guest' was 
coined by Cram and Cram in the early 70's and a 'host-guest' complex may be 
defined simply as a complex between organic compounds that simulates the
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substrate selectivity of enzymes Such interactions imply a
phenomenon described as molecular recognition. Since the guest assumes a 
site within the host during host-guest complexation, the concave surface of 
a host complements the convex surface of a guest <1 = 1) or as Cram has 
stated " a host is characterized by its employment of converging binding 
sites while a guest incorporates diverging binding sites."

Coordination chemists have been aware of the importance of convergent 
binding sites for many years and so many groups have taken up the challenge 
of designing molecules with the reactive centre, e.g. a basic centre, on 
the inside. Luning has synthesized macrobicyclic concave pyridines 
Fig.41. Their basic properties are determined by the whole molecule and the 
macrobicyclic pyridines showed larger basicities than the macrocyclic or 
open chain compounds. Whitlock constructed a host molecule Fig.42-1
possessing a phenol sticky cavity. The host was designed to test the
idea that a concave (inwardly pointing) functionality, e.g. 4- 
(dimethylamino) pyridine, would exhibit guest "stickiness" in non aqueous 
media. The host is formed as a 2:1 mixture of di-host and its. meso isomer, 
and the former binds certain phenols e.g. p-nitro phenol very tightly 
Fig.42-2 due to a high degree of cooperativity between hydrogen binding and 
intercavity interactions. The prehost species Fig.42-3 exhibits no 
complexation behaviour. J.Rebek has examined a series of rigid
structures in which 2 carboxylic acid groups converge to define a molecular 
cleft. Using nmr methods he was able to show that only where molecules were 
of complementary size, shape and functionality, would they bind within the 
cleft Fig. 43. When pyrazine was accepted as a guest (Fig. 43-2) into the 
molecular host, the interior protons moved upfield by >0.5ppm. These shifts 
were rationalized by the 2 point binding of pyrazine postulated in Fig. 43-1 
in which the ligands interior protons protrude into the strongly shielding 
regions of the pyrazine aromatic moiety. Using various benzo derivatives of 
pyrazine the recognition of molecules having appropriate size,shape and 
complementary functionality was clearly demonstrated. This molecule has 
been shown to catalyse a hemiacetal cleavage of the type shown in Fig.43-3 
by the mechanism shown in Fig.43-4. Binding of the hemiacetyl function to a 
carboxylic acid of Fig.43-4a brings the other hemiacetyl into contact with 
both acidic and basic groups. The latter are poised for general acid-base
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catalysis in the concerted sense suggested in F i g . 4 3 - 4 c , 4 3 - 4 d . The 
use of a molecular cleft offers the advantage of efficient assembly and the 
unique feature of convergent functional groups introduces, , at least to 
model systems, a high degree of directionality in host/guest
(receptor/substrate) interactions. In large part, the directionality is due 
to the nature of the binding forces involved.

H’oite has designed the concave building block Fig.44-1 which by
attaching oxa and azamethylene bridges to the 3,6 and 3*6 '-positions of the 
xylene rings and complexing this to a metal centre gives basket shaped 
(Fig.44-2) complexes.

Inclusion complex formation may be thought of as occurring when a host 
includes a guest without covalent bond formation <1^9 ,170) The binding 
forces that are present in such complexes are recognized as van der Vaals 
attractions, ion pairing, hydrogen bonding, metal ion to ligand 
attractions, and/or m acid to m base attraction along with hydrophobic and 
solvent liberation driving forces. Many reviews exist on this area 
including (161,171-174).

The clathrates, zeolites, intercalcated derivatives of graphite, and 
transition metal chalogenides are examples of solid state inorganic host 
molecules while the cyclodextrins, crown ethers, ionophores, cyclophanes, 
cryptands and their many related structures are the molecular organic 
hosts.

Host guest complexes provide the opportunity to study the various possible 
modes of interaction and to learn about the regio- and stereoselective 
interactions that may accompany inclusion complex formation. The roles of 
such interactions in catalytic rate enhancement are also of vital interest 
in such studies.

The traditional approach to host-guest chemistry lacks the ability to model 
metalloenzymes in which the metal atom is critical to the enzyme function. 
However interest in the field of molecular host-guest chemistry for those 
systems in which a transition metal ion is incorporated into the host
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molecule Is growing as it may open the door to many new areas of chemistry: 
modelling of metalloenzyme active sites may lead to the development of new 
hinds of transition metal catalysts. Recalling that the host accomodates 
the guest without covalent bond formation, theT transition metal can 
therefore be left coordinatively unsaturated leaving sites available for 
coordination to other molecules such as dioxygen i.e. the presence of the 
transition metal exerts an effect on the binding of further substrates by 
its host. When it functions in this way, the transition metal ion confers a 
sort of 'double recognition' capability on the host compound. This is known 
as the cascade effect It follows that the metal ion may affect both
the fundamental process of inclusion complexation and the catalytic action 
of these hosts. Different metal ions can offer different properties 
(magnetic, uv-vls interactions etc) and this allows for varying abilities 
of participation in redox reactions of a catalytic nature. In the limit we 
can visualize doing highly oxygen and moisture sensitive chemistry within a 
protected cavity of a complicated host molecule that is otherwise exposed

to ambient conditions.

After a brief consideration of some of the essential elements of designing 
host-guest complexes and the methods of studying them^ I intend to review 
some of the more common families of transition metal molecular hosts 
followed by a discussion of anion and cation receptor systems.

RRRRRTTAI. RT.RHRTtTS OF DKSIOff / DKSIGI COffSTDISK&TIQBŜ

Selectivity, thermodynamic stability and the kinetics of complexatio 
important receptor features. So too are the solubilities of substrate, 
receptor and complex. All of these can be controlled, to some extent, by 
structural and electronic effects and it is therefore important to optimize 
the conditions which achieve the design goal.

In order to design a molecular host/receptor capable of selectivity it is 
necessary to consider which functional group(s) can help bring about the 
required discrimination. It is then important to be able to build that 
functionality into the basic receptor framework. The need for selectivity
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varies according to the receptors end use. The more selective a receptor 
needs to be towards a member of a group of similar substrates, the higher 
the degree of complementarity between substrate and receptor there needs to 
be. The design process will often- then become limited by synthetic

feasibility.

Considerations and factors influencing the design, of a specific 
functionalized receptor are given in Fig.45. For a fuller discussion on the 
design of receptors useful review references Include 175,176.

urnmnnR fob stïïDYIFC trabSITTOB ItETM.. HOST QTOST GOKPLBZES,-

The methods for studying transition metal host-guest complexes are the same 
techniques used in studying organic host molecules and include nmr,
uv and vis absorption, fluoresence spectroscopy esr, spin labels, 
titrations, polarographic measurement, cyclic voltametry, circular 

dicbroism and X-ray.

m  has been used extensively in the detection of the formation of 
inclusion complexes as well as measurements of their binding properties. 
The host protons directed into the cavity will be affected by inclusion of 
a guest and their signal will be shifted as the guest molecules are 
encapsulated by the host. The technique has proven extremely useful in a 
number of studies with several different host molecules

Fluoresence measurements have been widely used in the study of host-guest 
complexing e.g. when simply dissolved in an aqueous solution, 1,8-AHS 
exhibits only weak fluoresence but marked enhancement is observed when 
complexed within the cavity of the host molecule These results
suggest that the guest has been moved from the external polar medium
into the relatively non polar environment of the cavity within the host. It 
has also been used extensively for studying inclusion of the lanthanide 
ions, especially Eu” S  by cryptands - this is discussed later.
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Electronic absorption spectra bave also been used to detect transition- 
métal, bost-guest interactions in solution and sucb measurements bave been 
widely used in tbe determination of tbe related reaction rates and 
dissociation constants. Circular dicbroisim ' spectra bave revealed 
conformational changes upon addition of a guest into a solution containing 
a cyclodextrin having an appended porphyrin.

In tbe interesting cases wbere a guest is coordinated between two metal 
centres witbin a bast molecule, esr spectra are uniquely -informative, 
showing tbe presence or absence of antiferromagnetic coupling between 2 
paramagnetic centres. X-ray studies provide tbe ultimate demonstration of 
tbe presence of guests witbin hosts in tbe solid state and thus has been of 
particular significance for systems involving guest molecules bridging 
between pairs of metal atonG as is discussed later.

CRY?TAin)S._ .

The cryptands, developed by Lehn are selective in the formation of
inclusion complexes, and these inclusion complexes, called cryptâtes, are 
very stable. The selectivity and stability of the complex may be intimately 
controlled through the ligand structure by increasing or decreasing the 
size of the cavity and by regulating the number and nature of the binding 
sites. A number of reviews deal exclusively with cryptand/cryptate
(macrobicyclic) systems

The synthesis of the cryptands is often more difficult than the closely 
related crown ethers because of their bicyclic structure and the increase 
in the number of required synthesis steps The coordination
chemistry of the cryptands show important properties of the host. Thus the 
early cryptands with their polyether strands linked at a nitrogen 
bridgehead gave very stable complexes with the alkali and alkaline earth 
metal cations with the inclusion of the ion right into the
molecular cavity of the cryptand < ̂ .

There are now many polyaza cryptand ligands which, unlike the crown ethers, 
are able to form stable mono and binuclear complexes with the transition
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metal ions. This Is particularly relevant in the area of blomimetic studies 
because of the number of natural compounds whose correct functioning relies 
on the presence of a metal ion or pair of metal ions in a nitrogen donor

environment.

The X-ray structures of these hosts do not usually show the presence of a 
cavity in the absence of à metal ion or guest. Instead these cavities are 
produced by the folding outward of their inward parts during complexation 
of a guest (Fig.46) and the overall geometry of these molecules has a
pronounced effect on the stabilities of the host-guest complexes and 
coordination complexes due to the cryptate effect

Those macropolycyclic structures that possess two receptor sites and 
can therefore include 2 metal cations or guest molecules are known as 
dinuclear cryptâtes. Again, these metal species are included without 
covalent bond formation, leaving them coordinatively unsaturated and so 
able to accept small bridging anions or molecules.

There is much interest in dioxygen carriers for the chemical separation of 
oxygen from the air and other gaseous mixtures. Dloxygen carriers 
considered good candidates for oxygen separation and transport (which 
require repeated recycling between the oxygen free complex and its oxygen 
adduct) are generally those that have low oxygenation constants.

Kartell and Lehn have developed a series of transition metal cryptâtes, 
using the ligand 0-BISTREH Fig.47-1, which are stabilized by
coordination of p-hydroxo groups and in the case of Co(Il) by the
formation of (p-hydroxo) (p-peroxo) bridged species Fig.47 2. The
binding of an OH- group to the bimetallic Co(II) centre is larger, at 
10',.ss, then the chloride ion. The unusual stability of the binuclear 
hydroxide complex can be appreciated by comparison with the hydroxide 
binding constant of the mononuclear cryptate [CoLl=*, which at lO®-®®, is 8 
orders of magnitude lower. This is an example of cascade binding 1-e-
where the primary ligand 0-BISTREH binds 2 Co(II) ions in such a way as to 
induce secondary binding of dloxygen between the metal ions.
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More recent studies show that the simple binuclear complex [C02(0-
BISTREM)]^^ is never more than a minor species in aqueous solution but 
stabilization by hydroxide ion bridging results in its conversion to the 
major hydrolyzed species, [C0 2<0H)(0-BISTREI)3 and CCo2(0H)2(0- 
BISTREN)]^^ at neutral and high pH Fig.47-3 and Fig.47-4 respectively. The 
dioxygen complex formed from these latter species is the dibridged p- 
(hydroxo)-p(peroxo) type CCo^COH) (02)-(0-BISTREIf)]="^ Fig. 47-2 which has an 
unexpectedly low oxygenation constant (Ko2=47C23/47C43 po2=10''= atm”^)
compared to Co(II) complexes of comparable polyamines such as tren itself 

This observed low stability is rationalized by steric crowding of 
the dioxygen in the cryptate cavity.

It was suggested <132, iss) that the special nature of the OH bridge could 
be due to stabilization through hydrogen bonding to one or more ether 
oxygens of the cryptand. This hypothesis was tested by measuring the OH 
binding constants for the macrobicyclic cryptand having a structure similar 
to that of O-BISTREH but without the bridging ether oxygen i.e. C-BISTREH 

Fig. 47-5. The OH binding constant of the binuclear C-BISTREN copper 
cryptate with a log value of 6.2 is about 4 orders of magnitude weaker than 
that of 0-BISTREH and is a more reasonable value for a bridging hydroxide 
between two closely spaced Cu(II) ions. This superior stabilization of the 
bridging hydroxide group is likely to be due to hydrogen bonding to one of 
the bridging ether groups.

It has been proposed that type III copper proteins contain 2 Cu(II) ions 
bridged by a hydroxo bridge The X-ray structure of
deoxyhemocyanin shows that the 2 copper ions are each surrounded by 3 
histidine ligands. The bridging oxygen ligand is inferred from the magnetic 
interaction while a charge transfer band indicates the presence of
the peroxo group. In bovine superoxide dismutase an imidazolate ion acts as
a bridge between Cu(II) and Zn(II) Synthetic ligands with an
appropiate arrangement of donor atoms have been prepared to mimic the 
structure of these proteins and it has been possible to show the presence 
of hydroxo,imidazolato, azido, and alkoxo bridges between metal ions. 
(These are discussed later) Kartell has synthesized 2 structurally related 
macrocycles BISBAMP <201> and BISDIEH Fig.47-6, Fig.47-7
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respectively. In all cases the complexes of BISBAMP were less stable than 
BISDIEH which is attributed to the lower basicity of the former ligand

The binucleating tendancy of BISDIEH is relatively weak compared to 0- 
BISTREH due to the latters higher degree of preorganization. However the 
tendency of BISDIEH to form binuclear complexes is greatly strengthened by 
a combination of its metal complexes with appropriate bridging groups, such 
as imidazole with Cu(II), to form the complex shown in Fig.47-8 and 
dioxygen with Co(II) to form the peroxo bridged complex 47-9. The
oxygenation constant of the dicobalt (II)-BISDIEH complex is nearly 3 
orders of magnitude greater than that of 0-BISTREH in spite of the large 
number of basic nitrogen donors in the latter complex (log k's for 
oxygenation of Go(II) complexes usually vary linearly with the basicities 
(Spk’s) of the donor groups coordinated to Co(II) This unexpected
result was attributed to steric crowding of dioxygen in the cavity of the 
binuclear Co(II)-Q-BISTREH cryptate Kartell used this dioxygen
complex of BISDIEH to study the rate of oxidation of the oxalate anion by 
the coordinated dioxygen<=o^'=°s> Fig 47-10 shows the resulting (p- 
oxalato)-dicobalt(ll)-BISDIEH-dioxygen complex. From the results they 
proposed a mechanism for the oxidation of bound oxalate by dioxygen
involving electron transfer through the metal ions which have low energy
orbitals capable of accepting the electron, thus providing pathways for the 
electron transfer process. Direct electron transfer from oxalate to
peroxide is not considered likely because of their negative charges leading 
to coulombic repulsions which would space them far apart in the macrocyclic 
complex.

Kartell has not only considered cryptand and macrocyclic structures but he 
has also investigated the stabilities of the Co(II) complexes of open chain 
polyamine Schiff bases and their dioxygen adducts<=os.207> pig 47-11,47-12. 
Four coordinate Co(II) chelates. Fig 47-11. do not by themselves bind 
oxygen strongly, but their adducts with suitable monodentate Lewis bases 
readily bind oxygen under suitable conditions of temperature and oxygen 
pressure. This results from the additional stablization of the Co(ll)- 
dioxygen bond through increased electron density at the metal centre
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provided by the axial base,The dioxygen ligand binds in a position trans to 
the axial base, 47-12, The axial bases (B) that promote oxygenation of 47- 
12 may be aliphatic or aromatic amines. Pyridine and substituted pyridines 
are most frequently employed,

Sargeson has developed a class of polyazamacrocycles which have the 
capacity to encapsulate metal ions, and in particular, transition metal 
cations<=o®-2To>, They are generally hexaaza macrobicyclic cage ligands and 
fall into 2 main groups-the sepulchrates (having a tertiary nitrogen 
bridgehead) Fig 48-1 and the sarcophagines (having a tertiary carbon 
bridgehead)Fig 46-2, The cage molecules are constructed about the metal ion 
by using it as a template to hold the reacting organic molecules<='0 '=TT> 
Fig,48-3. The tempiating metal can be extracted using cone, HCl or HBr at 
high temperatures to give the free ligands and a variety of mononuclear 
metal complexes , have thus been able to be prepared'^^ . Numerous
variations for substituents can be incorporated in the apical position and 
these include - NOz, NHOH, -NO, -NHz, -NHs", -N(CH3)s-",-OH,-Cl,-Br,-I,- 
COOH,-COOP,-NHCOCHs,-CN,-CONHs,-CN,-CONH2,-CH2OH. These substituents give a 
wide range of redox potentials and other properties to the molecules. The 
total redox span is ^2V which gives an impressive array of redox reagents 
although not all are readily accessible. For the Co(II)/Co(III) couple a 
span of )0,6V is observed which despite the insulating organic coat,
implies an electron self exchange rate of =10  ̂ fold greater than that for 
the parent CC0 (en)3]^^^^^ ions <214.5  ̂ This is due to the strain generated 
in the ligand by the encapsulation of the ion <^105

By using the broad capping strategy'^’ , and using tri 
(l,3,propanediamine) they increased the cavity size of the ligand. This 
species formed a Rh(II) complex giving a (III)/ (II) redox potential that 
was substantially altered (-+0,4V) relative to the equivalently capped, 
1,2, ethanediamine based ligand The Rh(II) ion presumably is more
readily tolerated in the larger cavity size of the sexidentate ligand where 
all the rings are 6-chelate and the Rh(II) complex therefore becomes more 
accessible and presumably more stable using the 2 ligands, 48-4 and 48-5 

Sargeson investigated whether there was any systematic dependence of 
the rates of metal couple self-exchange upon the symmetry of the donor and
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of the acceptor orbitals. Results indicated that this was not the case and 
that the exchange rates follow closely those predicted by the adiabatic 
theories of Marcus <21©? and Hush < = and that no discrepancies were 
detected that indicated nonadiabatic behaviour.

Secondary alkylamines are readily oxidized to hydroxylamines by hydrogen 
peroxide in aqueous solution (Fig,48-6) but yields of hydroxylamines are 
usually low due to further oxidation. Placing an electronegative 
substituent on the cap of the cages considerably lessons the pka of
the coordinated amines, while rendering them more susceptible to attack by 
H2O2 in basic solutions. Thus Fig,48-7 gives a mixture of products when 
treated with H2O2 and base. These are shown in Fig,48-8,48-9 and 48-10 and 
are stable at room temperature because geometry of the cage complexes
allows for no further oxidation of the hydroxylamine groups which would
result in the breaking of the cage structure.

Recently Sargeson has reported the synthesis of a pyruvate imine Co(III) 
complex (221> from which a variety of new cages have become available.
Fig,49-1. In the synthesis the metal ion both activates the methyl group of 
the pyruvate imine, Fig,49-2a to reaction with a carbonyl function Fig,49- 
2b and protects the pyruvate imine functionality. The product of the 
reaction. Fig,49-1 contains an imine function which can undergo reduction 
to give a novel cage substituted amino acid Fig,49-3,

A striking example of purposeful ligand design was carried out by Busch and 
coworkers who designed and synthesized a new family of host molecules,
called vaulted complexes, for the purpose of mimicking the ternary 
(enzyme: dioxygen: substrate) complex of cytochrome , Whilst not
strictly cryptands in that they possess a permanent void/cavity they are 
macrobicyclic in nature and will therefore be discussed at this point 
Fig,50-1 represents the structure as a flat projection while Fig,50-2 
represents its 3-dimensional structure. These species are cationic and 
contain the positively charged metal ion, coordinated to four N donor 
atoms, incorporated into- one wall of the permanent void provided to 
accomodate a substrate molecule. These structures were derived from an 
intensely studied family of the laccunar (from Latin meaning hollow, gap)
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dioxygen complexes Fig.50-3 and Fig.50-4, in order to provide a
coordination environment that would guarantee the ability to bind oxygen. 
The deep saddle shape that was well established in studies of the laccunar 
complexes has been preserved in the structures of the vaulted complexes.

X-ray crystal structures of the vaulted complex having =
anthracene show a cavity having dimensions from 8.24 x 8.95Â at the grand 
opening to 7.26x6.57A at the opposite smaller entry. A guest molecule - 
acetonitrile, has been accomodated. The host provides a hospitable 
environment for the guest by rotating its piperazine rings so that the # 
atom of the acetonitrile can enjoy six nearly ideal van der Vaals contacts 
with hydrogen atoms while aligning the tc system of the nitrile group with 
that of the anthracene ring.

The ligands form iron and cobalt complexes that can bind oxygen. The design 
incorporates a "dry-cave" bound by bulky hydophobic groups on one side of 
the metal complex, the other being blocked by monodentate ligand or 
solvent. As in Kartells' Schiff base polyamines <2os,2:oe? the nature and 
concentration of this axial ligand plays an important role in the affinity 
of the complex towards oxygen and so it can provide a means of regulating 
the uptake of oxygen <22©,22©?̂  it is the built in dry cave which permits 
the oxygen to bind but not oxidize the metal centre.

In a further extension of the molecular design, doubly bridged structures 
giving tricyclic species were synthesized Fig.50-5 to 50.7. This was 
achieved by combining 2 bridging processes <===>. Earlier studies with 
vaulted complexes have fully characterized their hydrophobically driven 
inclusion complexation with alcohols and phenols in aqueous media <222.22©- 
=31), The doubly bridged designs show several advantages;-
(1) each bridging group plays a distinctive role in moderating the binding 
of an included species while they act in concert to increase the fractional 
area of the void that is bonded by hydrophobic groups.
(2) the enhanced hydrophobic nature of the guest site substantially 
increases the equilibrium constant for host guest binding.
(3) the reterobridge places steric constraints on the axial binding site 
inside the void so favouring coordination of large ligands at the external



FIGURE 50 CONTD

IN-

> o 7 \N N

-N R-
I
R%

FIG.50-10

N\ / ^ /=y^ \ y

FIG.50-11

N-

■NH•Pi

HN

FIG.51-1 FIG.51-2

FIGURE 51 NEW NÎACROBICYCLIC Fe(III) SEQUESTERING AGENTS NH HN

OR OR

OR

FIG.51-3 .



Revie ff 35

side. This helps maintain the 5 coordinate structure in the absence of 
dioxygen and other similar small ligands. This is obviously important since 
a ternary complex of the desired kind (metal chelate - substrate - O2) 
requires a vacant binding site inside the void that can be used for O2 

binding.

All of the cyclidene complexes discussed so far are based on the well known 
16-membered macrocyclic ligand first reported by Jager (===). Busch has now
formed the 15 membered ligand «233? Fig. 50-8,9. ESR has been used to show
the formation of a 1:1 dioxygen adduct. The K02 values of the 15 membered 
Co(II) complex (where (CH2),-, : n>6) are greater with the 16 membered
analogues These results contradict the electrochemical data where
the Em values of the 15 membered macrocycles are more anodic than the
corresponding 16 membered macrocycle which suggests a higher K02 value for 
the latter. This is rationalized by the fact that the Co^^^/Co^^ couple is 
sensitive to bridge length - a relationship attributed to the importance of 
binding a ligand within the cavity of the oxidized member of the couple 

However a larger bridge is required to produce the equivalent lacuna 
for the derivatives of the 15 membered cyclidene. Consequently for a given
bridge size the cavity is more available to the 6̂ -̂  ligand in the case of
the 16 membered cyclidene and this stabilizes the oxidized state.

When the bridging diamine is primary, i.e. R==H, then a competing 
dimerization reaction can occur resulting in the face-to-face bis- 
(cyclidene) complexes (zse.zsG) Fig.50-10. The dimers contain 2 identical 
metal ions separated by an intramolecular void. These dinuclear bis-
(cyclidene) complexes of Co(II) react with dioxygen in 2 ways, -adduct 
formation and autoxidation. In the di-cobalt (II) complexes the
intermetallic separation is greater than 8Â ; relatively little metal-metal 
interaction is found (1.90-2.09 p)3/Co(II)) although the absence of hyper 
fine splitting in the esr spectra, observable in the mononuclear laccunar 
complex due to the presence of the axial nitrogen donor, may be associated 
with some metal-metal interaction. These face-to-face bis-(cyclidene) 
complexes have characteristic molecular cavities between the two metal 
sites that are of potential importance in various classes of inclusion 
chemistry.Indeed the bridging ligand 4,4’-bipyridine has been included
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within the cavity of the m-xylene-bridged dicobalt bis-(cyclidene) complex 
Fig.50-11. This bridging group allows a small mediation of exchange 
coupling which is thought to be via a v pathway. Magnetic moments gave 
results (2.05-2.15 jie/Codl)) slightly but'definitely higher than those for 
the host alone.

The synthesis of ligands that specifically sequester a given metal ion 
under physiological conditions presents a challenge to the coordination 
chemist. Raymond has reported the synthesis of siderophore analogues with 
linear <237-2:395  ̂ tripodal <240,341? and macrocyclic <2^3 ? topologies <2‘*3? 
some of which are promising candidates for the in vivo removal of iron as 
well as actinides <244,343? in 1987 he reported the synthesis of a new 
macrobicyclic catechoylamide ligand <2-4e?̂  bicapped TRENCAM <247-? pig.51-l 
synthesized by high dilution techniques (3.5-27%) or by template synthesis 
(70%). The simplicity of the nmr reflects the idealized Dst-, symmetry of the 
molecule. They .have since developed the synthesis to give unsymmetrical 
macrobicycles via a "half-cage" template reaction <243? Fig.51-2. 
Electrochemistry on the ferric complexes of these ligands demonstrates that 
overall selectivity for the ferric ion is retained.

Luminescence is an important phenomenon for fundamental and practical 
applications (lasers, electric display devices, molecular labels, solar 
energy conversion etc) and Lehn has prepared Eu^^ and Tb^^ cryptâtes 
Fig.52(1-4), in search for synthetic luminophores i.e. where the energy 
transfer between the absorbing and the emitting species is high <=so?^ Data 
shows that excitation in the spin allowed ligand centred bands is followed 
by transfer to the emitting level of the lanthanide ion. The largest amount 
of emitted light is obtained with CEu 1]^+ and CEu 23^^, complexes which 
may be considered efficient molecular devices for the conversion of uv- 
light into vis-light. Recently Lehn<^s> has synthesized a range of 
macrobyclic cryptâtes incorporating bithiazole,• bisimidazole and 
bipyramidine binding subunits (Fig.9). The luminescence properties of their 
Euiil complexes have yet to be reported.

The anthracenocryptands <2bi? Fig.53-1 are designed to combine the specific 
complexing ability of cryptands with the photophysical behaviour of the
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anthracene ring. The formation of inclusion complexes with K"*", Aĝ , Tl"*" 
Fig.53-2 result in a very sensitive photophysical response of the 
anthracene bound to an efficient ligand.

Raymond has used a template approach (using the lanthanide triflate salts) 
to give a fully encapsulated lanthanide amine complex (ZGz-as*), Depending 
on the size of the metal cation used (%="*"= Ce, Pr, Eu, Fb, Y) partial cages 
or macrocyclic cage products were obtained (Fig.54).

A novel bicyclic structure has recently been published by Stoddart. 
Trinacrene, a 3-dimensional molecular barrel Fig.55-1 has been
synthesized using a Diels Alder approach to the synthesis. Its large rigid 
molecular cavity could play host to a variety of organic, organometallic, 
metallorganic and inorganic guest species - both neutral and charged. 
Chemical modification should permit useful steric and electronic 
manipulation of the structure. The synthesis of trinacrene with its 24 
chiral centres and 6 pseudochiral centres in 2 steps establishes the 
principle of structure-directed synthesis in the realm of unnatural 
products He has also used this method to produce 2-dimensional
molecular belts and collars <2ss,zgt. Fig.55-2 and 55-3.

Lehn has defined a new subclass of cryptands called speleands ^

Described as polar binding subunits operating in conduction with 
hydrophobic-shaping components, they are 'hollow' in nature and have 
flexible bridges which permits adjustment of cavity height. Fig.56. Thus 
Busch's vaulted cyclidenes could be included in this area of chemistry.

MCa(CnE.LCYCLIiI-&..jmÇRQTETRAÇYCLIC-JIQLlgÇüLBg,..

Macropolycyclic systems are molecules of intermediate size - meso 
molecules<=s9) - lying between the usual molecules of organic chemistry and 
macromolecules. They define regions of space, cavities of various shapes, 
sizes and properties. Previous discussion has been restricted to 
macrocycles (coronands) and macrobicyclic cryptands (podands). However 
elegant synthetic work by Lehn and co-workers extended the macrobicyclic 
series to the purpose built macrotri- and macrotetra cycles



FIGURE 56

o H^o oc

FIG. 56-1 . FIG.56-2

FIGURE 57 MACROTRICYCLIC AND MACRÜTETRACYCLIC MOLECULES

 2

(1)

(4)

z

Z^ 2
(5)

Z"_ 2

(3)
z 
/z---'
V -

\— -z, —  _ !
Z

(6)



0 " ^

N

FIG.57-7 
(ref 260a)

CL̂O"
FIG.57-8
(ref 260b)

XC
X = C H

X:,o^
X =  N H

. - .,> 
0 = W ' s - 7

c
FIG.57-10 
(ref )

r ^ o / ^ o ^
o''

L  If I /NC-c
Y = 0  -  
Y =  H2

FIG.57-12
(ref 11)

CV)c. ! j
FIG.57-11 
(ref 260a)

FIG.57-13
( re f  12)



Review Page 38

Fig.57(1-6). Macrotricyclic molecules may present two types of topologies 
of high symmetry - cylindrical Fig,57-3 and spherical Fig 57-4, Cylindrical 
ligands like 3 symmetry) are constructed by two rings and two bridges
linking the rings. They show new features with respect to the macrocyclic 
Fig,57-1, the macrobicyclic structure Fig,57-2 or the spherical 
macrotetracycle Fig,57-6 which all contain one central cavity. Cylindrical 
systems, on the other hand, define three regions; two lateral bidimensional
cavities inside the 'top' and 'bottom' rings of the cylinder, and the
central, tridimensional cavity limited by the rings and bridges between 
them, A double structural control is therefore possible; modifying the
branches of the rings changes all three cavities (size, binding properties
etc) whereas modification of the connecting branches changes only the 
nature of the central cavity. Fig,57(7-11) shows examples with
references<=so)^ gf various macrotricyclic systems.

The bis-macrocycles represented in Fig,57-5 are 'open' analogues of
Fig,57-3 lacking the central cavity. Examples of these have already been
discussed <^9) Fig,16,

Adding a further bridge across the two bridges of the macrotricycles 
Fig,57-3 leads to a macrotetracycle Fig,57-6 in which the large central
cavity of the macrotricycle is now closed up in one direction so as to 
leave only one side open. Thus ligands of this type define molecular 
pockets which might be able to take up substrates Fig,57-12 and 57-13,

These systems will be considered in more detail with respect to their 
cation and anion binding properties in a later section,

CYCLODEXTRIMS,

The cyclodextrins were the first host compounds to be recognised as 
possessing selective molecular recognition capabilities > and thus have 
been intensively studied They are a class of cyclic oligomers of
glucose Fig,58-1 which are very soluble in water usually forming 1;1 host- 
guest complexes although some 1;2 host-guest complexes are known^^^^-zes). 
Although there are many various proposed binding forces involved in
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inclusion complex formation by cyclodextrins the most significant may be 
due to van der Vaals and hydrophobic interactions due to the fact
that interaction takes place in aqueous medium. On inclusion complex 
formation with a guest, water molecules are displaced from the cavity. 

The complexation of organic molecules by cyclodextrins in water 
solution is reviewed in reference 268, some recent references include (270- 
273) and chiral selection by modified cyclodextrins is considered in 274.

Disappointing results were obtained in attempts to mimic enzyme functions 
with cyclodextrins; however addition of a transition metal ion has yielded 
more promising results. Breslow combined the catalytic ability of the
nickel solvolytic catalyst with the regioselective substrate binding of the 
hydrophobic cavity of an a - cyclodextrin Fig.58-2. The compound was an 
effective catalyst for the hydrolysis of certain esters e.g. p-nitrophenol 
acetate was hydrolysed by the Mi(II) complex with a rate of acceleration of 
greater .than 10=" times that of the uncatalysed rate.

Tabushi modified cyclodextrins with flexible caps<=^s> Fig.58-3. 
Hydrophobic anionic guests are especially strongly bound because of the 
combined effect of the hydrophobic interaction and the electrostatic 
attraction of the anion for the cationic cap This structural design
has been used to produce polymeric cyclodextrins which can be attached to a 
polystyrene support by polyalkyleneamines <2̂ 7 ), The cyclodextrin polymers 
form metal complexes when treated with aqueous solutions of metal salts. 
The product is especially useful for extracting organic anions from aqueous 
solutions.

A bifunctional cyclodextrin has been equipped with a transition metal ion 
in order to produce a novel carbonic anhydrase model Fig.58-4, This
complex incorporates the following recognized features of carbonic 
anhydrase : a hydrophobic pocket, Zn(II) bound to imidazole and located at 
the edge of the hydrophobic pocket and additional favorably placed basic 
groups.

Several reports <=7©-2^i> have appeared on attempts to combine the oxygen 
carrying ability of the porphyrins with the host-guest capabilities of the
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water-soluble cyclodextrins Fig,58-5. The products are interesting models 
of the natural oxygen carriers and help overcome the water solubility 
problem of the obvious hemoglobin models such as picket fence or capped 
porphyrins.

Hirotsu has reported the inclusion of 12-crown-4 LiSCN and 12-crown-4 KCl 
in K cyclodextrins to give double macrocyclic inclusion complexes 
Fig.58-6, while Stoddart has modified the cyclodextrin structure using a 
macrobicyclic polyether to form a ditopic receptor Fig.58-7. This receptor 
can bind the anti-tumor drug carboplatin and other transition metals as 
diammines Fig.58-8.

*Calixarenes' are cyclic oligomers made up of benzene rings in a similar 
way to that in which cyclodextrins are made up of glucose units. However, 
only when suitably functionalized can they form inclusion complexes in 
solution Tabushi et a l have functionalized calix-C63arene with
6 carboxylate groups. Fig.59-1 which makes the host molecule a useful 
uranophile. The inclusion complex shows a high stability. Shinkai 
remodified the system Fig.59-2 to provide a more selective system for

over other cations. Shinkai has also synthesized the water soluble p- 
sulfonatocalix C43 arene,- the cone structure Fig.59-3 is stabilized by 
cationic guests e.g. the alkali metals <2©©?, Ungara has used
chlorométhylation to achieve water solubility while Reinhoudt et al 
(290,291) have selectively functionalized the upper rim of the 
calixspherand leading to complexes, notably the alkali salts, complexed in 
the upper rim cavity.

Recently Bohmer et al «292) have reported the synthesis of a face to face 
"double" calixarenes Fig.59-4 i.e. two calix C4] arene moieties connected 
in the para position by 1,2 or 4 aliphatic chains of various lengths. 
Inclusion studies are in progress.

Some lanthanide complexes of the p-t-butylcalix [n] arenes (n=4,6,8> are 
known ^.
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CYCLOFHAITES..

Cyclophanes are simply 'bridged' aromatic compounds and are more commonly 
associated with inclusion of organic or uncharged guests. Useful reviews 
include (294-298).

Cyclophanes are insoluble in water but solubilization can be effected by 
achieving a hydrophobic-hydrophilic balance in their design. Using appended 
imidazole groups Fig.60-1 Murakami has synthesized derivatives of
[20] and [10.10] paracyclophanes with coordinated Zn(II) and Cu(II) which 
showed enzyme- like activity in the catalysis of ester hydrolysis. <==̂ =>-301 .•> 
Fig.60-2. Using a modified [20]paracyclophane skeleton a model of NAD- 
dependant alcohol dehydrogenase has been prepared Fig.60-3. This
enzyme catalyses the conversion of carbonyl compounds into alcohols and the 
above model has been tested using the activated ketone, hexachloro acetone, 
as a substrate. The Zn(II) complex of the substituted cyclophane catalyses 
the reaction with a maximum acceleration factor of 7.

Diederich has reported a thiazolium ring, functionalized cyclophane
Fig.60-4 which in the presence of potassium ferricyanide is an efficient 
catalyst for the oxidation of aromatic aldehydes to carboxylic acids i.e. 
it is a highly efficient model for pyruvate oxidase. He has also recently 
reported a ditopic cyclophane host Fig.60-5 which under suitable
conditions is a good binder of potassium ions despite having to undergo 
considerable conformational changes on binding.

Face-to-face cyclophane molecules exist -the cryptophanes- which have 
already been considered under their synonym -double or face-to-face - calix 
(n) arenes. Some 'cryptophanes' are shown with references in 
Fig.60-6 <304),

There are a large number of 'cyclophanes' that form inclusion complexes 
with metal ions in organic solvents, although most of these are members of 
the classes of host compounds in which the donor heteroatoms <0 ,N,S etc) 
are the major binding sites (crown ethers, cryptands or their analogues 
having aromatic rings). In these hosts the aromatic rings act as auxiliary
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binding sites or rigid structural units. These compounds are discussed 
where relevant.

CRQW ETHERS..

A fourth class of organic host complexes involves the crown ethers- an area 
that is well reviewed <■70. i© © , s o s : >   ̂ The crown ethers and cryptands are 
related in structure, properties, and chemical behaviour to the natural and 
neutral ionophore antibiotics exemplified by valinomycin Fig.61-1 and 
nonactin Fig.61-2. These antibiotics affect the uptake and transfer of ions 
through a lipophilic medium.

Due to the hard nature of the ‘O' donor atoms the crowns are much better 
suited to hosting alkali and alkaline earth metals. Over the years the 
‘crown' ethers have undergone significant developments from the simple 
macrocyclic polyoxo systems to the substituted R,8 ,0 mixed donor systems, 
to the highly complex macrobicyclic systems containing one or more crown 
ether moieties, to the chiral crown ethers. Fig.62 gives examples and 
r e f e r e n c e s ' .

Stoddart <307,©o©) ]ias constructed macrobicyclic polyethers as second 
sphere ligands for tetraamine platinum (II) Fig.63-1. This is mainly due to 
hydrogen bonding of the amine ligands to the carbonyl function of the two 
pairs of amide linkages that characterize the entrance of the receptor 
cavity of the molecule.

Beer has recently constructed the bis-benzo crown-ethers which
contain the recognition sites for transition metals Fig.64. Chelation of 
Ru(II) occurs at the bipyridyl nitrogens forcing the bipyridyl function 
towards coplanarity restricting the conformational freedom of the 2 benzo- 
15-crown-5 binding units in such a way as to favour the formation of an 
intramolecular; sandwich complex with sodium.

Pietraszkiewicz 'sio combined the fluorescent unit, fluoresceine- with the 
macrocyclic I8-R2O4 crown Fig.65. The latter forms strong complexes with
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heavy cations e.g, Cd(II), Hg(II) or Pb(II) which showed effective 
fluorescent quenching when present in suitable concentrations. Similarly 
Shirai has studied the effects of cation binding on the phosphorescence 
properties of acetophenone derivatives with a crown ether moiety.

poRpgyRils,.

Busch's complexes, already discussed, represent a family of totally 
synthetic non-porphyrin macrocyclic complexes which model several main 
features of natural hemoprotein systems . However many groups have designed 
model porphyrin systems in an attempt to mimic the local environment of the 
hemoprotein binding site i.e. steric encumbrance about the oxygen binding 
site in a cobalt or iron complex. Thus there are many structural 
modifications of the basic porphyrin structure Fig.66-1. These include 
picket fence<3ii> Fig.66-2, capped^^iz) Fig.66-3 bridged/strapped/basket 
handled Fig.66-4 cyclophane Fig.66-5 and gable porphyrins
Fig.66-6, all of which provide a sterically hindered face at which small 
molecules may coordinate with varying degrees of difficulty. The porphyrin 
model systems generally base themselves on polar effects rather than distal 
side steric effects used in Buschs models

Face-to-face porphyrins Fig.66-7 and 66-8 serve as models for the 
hemoproteins if they are regarded as bridged systems or as models for 
binuclear systems such as cytochrome C. The linkages between the 2 rings 
can be between 2 meso positions oi®®? Fig.66-7 or between substituents on 
the pyrrole rings Fig. 66-8. The face-to-face systems were
investigated as possible catalysts for the electrochemical reduction of 
oxygen to water. The bis-Co(II) complex of Fig.66-7, where m=n=l, when 
attached to the surface of a graphite electrode was found to be an 
efficient catalyst for this reaction. Where m and/or n>l the systems were 
less efficient.

Although there has been reasonable success at combining the porphyrins and 
cyclodextrins <=7 9,281) it was only in 1987 that the related synthetic 
phthalocyanine were combined with crown ether units Fig.67-1. In
attempts to obtain a high yield synthesis of 2 closely bonded porphyrin
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products, Wennerstrom synthesized a macrocycle with 5 covalently linked 
porphyrin units Fig,67-2, while Sanders has developed a photoactive
supramolecule using porphyrin coordination chemistry Fig.67-3.

Catenates are a class of compound that are composed of interlocked 
macrocyclic structures. The first metallocatenate was that produced by 
Sauvage et al^^zo.szi) of a highly stable Cu^ conç>lex of a catenand of 2 
interlocking crown polyether type ligands. In 1987<s2 2) reported the 
C33 catenate of a dicopper(I) complex which contained 2 peripheral 30 
membered rings separately interlocked with a central 44 membered ring 
Fig.67-4.

QAYITAyPS,

It is useful to make a distinction between those complexes which undergo 
significant host reorganization upon complexation with a guest (crown 
ethers, cryptands cyclophanes etc) and those that have permanent or 
preorganized cavities. Cram has developed synthetic organic hosts that 
possess enforced cavities large enough to accomodate simple molecules and 
ions. They are called "cavitands” to describe their unique properties <3=®- 

Fig.68-1. Spherands are cavitands with fixed cavities and relatively 
rigid walls Fig.68-2, while hemispherands are cavitands with partially 
rigid walls Fig.68-3.

Cram has recently reported a new family of cavitands Fig.68-4 -
however they have more potential in hosting organic or neutral molecules 
than transition metal cations.

CATIOy AHD AiriOH RECEPTORS.

Macrocyclic polydentate complexing ligands can be used for the complexation 
of anions and cations, or of neutral molecules. Supramolecular chemistry 
<3s> is the term used to describe the association of 2 or more species 
through non-covalent bonds and this chemistry is to the molecule and the 
intermolecular bond what molecular chemistry is to the atom and the
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covalent bond. The individual component bonds forming the intermolecular 
bonds are much weaker than covalent bonds and are more properly considered 
as interactions,¥e can therefore speak of complexation whenever 2 or more 
species interact attractively with little or no covalent character in the 
binding interactions. Such a complex may be termed a supermolecule. Some 
authors prefer the receptor-substrate terminology to the host-guest 
termiology since the latter covers all kinds of intermolecular associations 
and the former conveys the flavor of the highly specific biological 
receptor-substrate interactions.

Many metal cationic hosts have already been discussed and these systems can 
act as anionic receptors. However inclusion of organic cations e,g, 
or protonation of amine function of an ' N' donor system can also result in 
the modified host behaving as an anion receptor

Fig,69 shows how the increase in topological complexity of cation complexes 
starting with the simple bidimensional bi and polydentate chelates Fig,69-1 
leads to macrocycles Fig,69-3,69-4 to tridimensional (3) cryptâtes Fig,69-7 
(cylindrical) and Fig,69-13 (spherical). Only recently has Fig,69-12 - the 
trefoil knot - been synthesized by Sauvage Fig,70, Such a topology is
seen in the D M  structure which can be converted into highly knotted forms 
making the synthesis of knots an even more challenging problem for the 
chemist.

Many receptors play host to many varieties of organic cations or neutral
species and in this text only one class of host for one type of organic
cation - MHa'*' the ammonium ion - will be considered. The cylindrical
macrotricycles are ditopic in nature, Fig,71-1 and can form stable ammonium 
cryptâtes in 2 main ways : by dinuclear monohapto binding Fig,71-2 to 71-4 
or mononuclear dihapto binding Fig,71-5, The former displays the 3 isomers 
shown in the figure i,e,endo-endo, exo-endo or exo-exo (both groups lying 
outside the molecular cavity). To bind MHa^/RMHs*, macrocyclic subunits 
must be able to bind primary ammonium groups e,g, 18-Oe polyether
macrocycles [lôlMaO^ or [183 MsOa oxoaza macrocycles. The latter two are 
especially well suited for complexation of ions because of the
formation of +M-H, ,,,# hydrogen bonds Orientation of the bridgehead
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N sites and the 0 sites towards the interior favour binding in an endo form
1.e. into the central molecular cavity. Complexation of NHs* into the 
intermolecular cavity is detected by ’Hmmr fluorescence studies, and 
ultimately by X-ray.

The results of such studies have shown that when forming mononuclear 
dihapto cryptâtes with diammonium cationic species the preferentially 
complexed substrate is that whose length corresponds to the length of the 
molecular cavity Fig. 72 <330.331.-., Thus where R=M, the system can
discriminate between the biologically important cadaverine #^H3-(CH2)s-N^H3 

and putrescine (#+H3-(CH2)a-#+H3) <332-33*), These reults form the basis
for structural receptor-substrate complementarity in linear molecular 
recognition. Complementarity between components expresses itself in both 
structural and dynamic properties of the supramolecular species.

The speleands, in which the polar binding subunits are connected with large 
concave, more or less rigid hydrophobic shaping components are useful
receptors for organic ammonium cations. On combining the symmetric C183- 
B3O3 macrocycle with derivatives of racemic cyclotriveratrylene <CTV) tris 
methyl esters, the speleands, in Fig. 73 are obtained. Fig. 73 binds CHsUHs'*' 
yielding a mixture of slowly exchanging endo-exo isomeric complexes Fig.73-
2. Where R is larger than the methyl group endo binding is prevented and 
thus Fig.73-1 is a highly selective ammonium host.

The various ways in which a cylindrical (3) cryptand can be transformed 
into polytopic receptors is shown in Fig.74-1 to 74-6. Inclusion of binding 
sites along one or both linking arms may afford tri- or tetratopic 
structures Fig.74-2 and 74-4 respectively. Schematic elongation of one or 
both macrocyclic subunits, affords tri or tetratopic receptors Fig.74-5 and 
74-6, where one or two pairs of ions are side by side. Still another 
variation is the macrotetracycle Fig.74-3 which may form as a side product 
of (3)-cryptand synthesis, corresponding to the 3+3 coupling product <327), 
In these cases all 3 macrocyclic subunits are identical. Modification of 
synthetic procedures can lead to the macrotetracycles as the main products 
<327) and dissimilar • subunits can be built in using protection and 
deprotection steps.. The receptor shown in Fig. 75-1 o3B) resembles
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macrotricycle Fig.74-2 except that the third site happens to be a 
porphyrinic macrocycle. A second porphyrin has also been fitted between 2 
macrocyclic units in Fig.75-2 and as shown both can form inclusion 
complexes with linear diammonium ions

Compared with cation receptor molecules, the field of anion coordination is 
relatively new <3s.aeo*..33s.ssr^^ it has evolved in parallel to macrocycle 
polyamine chemistry because almost any amine-containing cation receptor can 
be transformed into an anion receptor after protonation although endo 
protonation reduces cavity size somewhat. The strongest binding makes use 
of H^-bonding in combination with electrostatic attraction, although the 
latter may suffice in some cases. The first anion ligands were the 
catapinands which when diprotonated and of a suitable size are able to 
enclose halide ions (333-340), The highly ionized polyammonium and 
polyguanidium receptors can only be studied in aqueous solution and 
complexation of monoanionic substrates is feeble in this medium. However 
di,tri and tetraamines display much larger complexation constants 
The protonated polyazamacrocycles display weaker selectivity patterns with 
anions, in terms of size and charge, than the polyoxomacrocycles do with 
cations, but size and geometrical selectivity is found in the available 
data. <341), Fig.76 shows 2 elongated ditopic polyazamacrocyclic receptors. 
They exhibit a peak selectivity for length with aliphatic dicarboxylates, 
with Fig.76-1 peaking with pentanedioate and Fig.76-2 with heptanedioate

The protonated polyaza-(2)-cryptands' (343-345) iiave ellipsoidal cavities 
which are best complemented by ellipsoidal substrates. Consequently Hs", 
binds quite strongly to the BISTEEH receptor, C2non. 2non, 2non3.6H"̂ (34S) 
Fig. 77 whereas ITOs",. 0104“, HCOa“ and the halides are more weakly bound. 
The ditopic polyaza 2 cryptands can be elongated by the tripod-tripod 
coupling procedure Fig.6. These have displayed a peak selectivity for 
length with dicarboxylates in line with the expected cavity lengths,

The protonated forms of (3)-cryptands display a spherical recognition of 
anions Fig.78-1 (34e), The quaternized (3) cryptands which cannot 
participate in H’*' - bonding can complex 01“ and Br“ reasonably well due to
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electrostatic interactions Larger similar cavities have been
developed which effect a more efficient complexation of Br” and I~.

Lehn has recently a prepared, an octaaza-cryptand that binds fluoride
anions. The cryptate is a quasi-trigonal prismatic array of six F“....
hydrogen bonds Fig.78-2 The protonated polyamines represent the most 
extensively studied anion ligands and Lehn has previously studied the anion 
complexation features of a number of macrocyclic macrobicyclic
< 13S. 3A3,3S3-33B3^ niacrotricycl ic <3^6) molecules bearing ammonium
groups as binding sites.

In as much as exposed faces of cations constitute binding sites for 
ligating anions, all macrocycles hosting cationic species can be considered 
as anion receptors. Strongest binding is observed with dinuclear metal 
complexes which present an intermetallie region of high charge density 
where, structure permitting, anions can be shared by both metal ions. The 
strength of selectivity of such anion binding is not always readily 
accessible although as in the case of the bridged hydoxo species in 
dinuclear BISTRE# complexes Fig.47-4,47-5, potentiometric titrations were
u s e d  ( 2 1 3 . 2 1 4 ) ,

Beer <3s-7) synthesized a series of macrocycles containing the redox
active cobaltinium Fig.79. The metal complex carries a single positive 
charge which is independant of pH. It is also coordinatively and 
electronically satisfied and so anion binding forces are electrostatic and 
reversible. In addition, the incorporation of the redo-active unit into 
these macrocycles makes the electrochemical study of the anion complexation 
process possible. 1:1 complexes with halide ions have been observed for all 
three macrocycles shown.

Hewcomb has developed macrocyclic (33©> and macrobicyclic hosts
Fig.80-1 and 80-2 that contain Lewis acidic tin atoms as anion binding 
sites. Low size selectivity was observed in chloride binding by macrocyclic 
hosts containing 2 sites but substantial size selectivity in halide binding 
was found in the ditopic macrobicycles. Solution 8n nmr studies of
bicyclic hosts binding anions in halogenated solvents. X-ray
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crystallography data and solid state Sn nmr studies demonstrate that
the anions are held in the cavities of the hosts; the selectivity 
originates from the fit of the encrypted anion in the cavity. He has 
recently reported di-topic macrotricyclic structures containing 4 tin
atoms, Fig.80-3, which due to the incorporation of additional binding sites 
results in stronger binding and higher selectivity.

MQLECTJLAF RECOGSITIOH.

Discussion thus far has presented the idea of selectivity of the host 
(receptor) for a particular guest (substrate). Selectivity depends, to some 
extent, on the host recognizing the guest to be included. Just how far this 
process has been developed by the synthetic chemist is demonstated by the 
following examples.

The design of specific probes for biologically important compounds may be 
achieved with polytopic receptors containing subunits which should be 
complementary to the different functional groups present in the substrate 

Nucleotide polyphosphates, in particular adenosine triphosphate 
(ATP), are of fundamental significance as a source of energy in living 
organisms. Lehn has developed protonated macrocyclic hexamines in 
particular Fig.81-1, which can bind nucleotide polyphosphates by 
electrostatic interactions <3^2) and which can catalyse their hydrolytic 
reactions Connection of the anacridene derivative to Fig. 81-1
yields polyfunctional receptor molecules Fig.81-2 which combine a 
macrocyclic polyamine as anion binding site, an acridine side arm for 
stacking interactions, and catalytic amino groups on the macrocycle for 
facilitating hydrolytic reactions A schematic representation of ATP
binding is given in Fig,81-3. Both Fig.81-1 and 81-2 catalyse the ATP and 
ADP (adenosine diphosphate) hydrolysis but the latter system shows greater 
selectivity between ATP and ADP. The mechanism of the supramolecular 
catalysis of ATP by the macrocyclic polyamines is discussed in. references 
383 and 366.
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Hamilton has incorporated multiple recognition sites into a new class
of nucleic acid binding molecules. He assembled hydrogen binding and 
hydrophobic groups within a macrocyclic structure that could form a cavity 
complementary to a nucleotide base substrate Fig.82-1. Treatment of the 
host with 1-butyl thymine Fig.82-2 gives the triply hydrogen bonded complex 
shown in Fig. 82-3. On substrate complexation the host acts as a molecular 
hinge which swings the naphthaline unit through an arc to within van der 
Vaals distance of the thymine ring. This induced fit behaviour in a 
synthetic molecule directly mimics the recognition of nucleotides by 
ribonuclease ti in which a tyrosine residue moves into place above the 
bound guanine .

Rebek's concave systems have already been discussed Fig.43 and these
represent systems that are able to recognize smaller molecules of 
complementary size, shape and functionality. For double stranded nucleic 
acids the principal stabilizing intermolecular forces involve Vatson-Crick 
hydrogen bonds in a base-pairing sense and aryl stacking interactions 
between adjacent base pairs Fig.83-eqn 1. Rebek introduced a model system 

Fig.83-3 in which stacking and hydrogen bonding converge from 
perpendicular directions to recognize and complex adenine derivatives 
Fig.83-eqn 2.

Stoddart has synthesized cyclophane - like macrocyclic polyethers Fig.84-1- 
84-4 in order to achieve discrimination and selective complexation of 
paraquat [PQT]=+ Fig.84-5 over Diquat [DQT]=^ Fig.84-6. Fig.84-1 binds 
[D Q T ] w i t h  high selectivity <3-70. an  ̂ whereas Fig. 84-2 shows modest 
selectivity towards CPQT]^’*’ Fig. 84-3 and 84-5 have been shown to bind
[PQT]2-+- in the solid state.

Diederich has synthesized a series of cyclophane hosts capable of selective 
molecular recognition of neutral substituted benzene groups Fig.85-1.
Complexation is driven by very strong enthalpic hydrophic effects He
has also synthesized <3^=) Fig.85-2 and 85-3 which both serve to recognize 
naphthalene. Comparative studies on Fig.85-2 and 85-3 demonstrate a 
negative heterotopic allosteric effect in complexation. The stability of 
the naphthalene complexes of Fig.85-2 does not change upon addition of
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potassium salts whereas the stability of the naphthalene complexes of 
Fig.85-3 are significantly reduced as a result of cation binding to the 
crown.
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Perchlorates(notably Ag-, Pb=- and Fe^-lare potentially explosive and ci 
should be taken whilst working with them.

l.The wearing of safety glasses, lab coat and heavy shoes are obvious 
precautionary steps.
a.Bever reflux a perchlorate: if necessary reflux as the nitrate and ad 
the perchlorate salt after! Vhen warming a solution containing the 
perchlorate counter ion always use a condenser connected to a water swi 
to prevent the solution boiling dry.

3.Fever dry a perchlorate product using heat; either dry i n vacuo. or le 
to air dry.
4 7 l f  the product has been collected on a frit never scrape i^ off as tl
friction can create the heat that causes the heat that causes the prodi 
to explode.
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THE LIGAID 'VT' AFP ITS GQHPLEXES.

1,Szdiaiaiiio propane» H2F(C%2)3NH2
This was obtained from the Aldrich Chemical Company Ltd, and used without 
further purification.

2,G-Dlformyl..pyridine.. (PE?),
The procedure used by Jerchel<'> was followed throughout this preparation.

2,6-pyridine dimethanol (19g) and selenium dioxide <15.15g) were dissolved 
in dry dioxan (SOOcnP) and refluxed for 4 hours. The solution was filtered 
and evaporated to dryness to give the crude product 2 ,6-diformyl pyridine. 
This was crystallized using a chloroform/pet.ether (40=-60=) mixture. The 
cream coloured powder was stored in the freezer. (YIELD = 77%).

IHEEAEED-SFJECTRUg.
Inter alia. 3080 (aromatic C-H) 2860 (aliphatic C-H) 1715 (C=0)

1580, 1350, 1260, 1290, 810, 799.

lEHPLATE SYgIgESIS..QE / VT' .
DFP C2.025g3 and Ba(C104)z C2.7g] were dissolved in; EtOH (300ml) and
brought to reflux. Diamino,1,3-propane (l.lg) in EtOH (15ml) was added in a 
dropwise fashion over 15 minutes. The mixture was then refluxed for 1 hour 
with stirring. On cooling a white fine precipitate formed which was 
collected and washed with EtOH and dried in vacuo. A second batch was 
obtained from the filtrate after 24hrs at -20°C. On recrystallization, 
using ethanol and acetonitrile, crystals of X-rayable size were obtained 
(Yield 58%)

IHF-RARED SPECTRm
Inter alia. 3080 2920 1635m C=H 1583cm"^ (pyridine) 1130 1100 1050vs,

627, 625, 618, ms (Vcio*-)
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AFALYSIiS : BaVT(C10*) =
calc : C 35.1
found : C 35.4

3.2
3.2

F 12.3 
F 12.2

fi. = 212 Scm^ mol”’

On recrystallization, using an acetonitrile/ethanol mixture, crystals of X- 
rayable size were isolated.

AFALYSIS. BaVT(C104)= .2EtOH 
calc : C 35.4
found : C 35.6

H 3.7 
H 3.6

F 11.2 
F 11.3

TRAFSMETALLATED CQHPLEXES. 

HhVT<SCI}22HeQH>.
BaVKClO^)^ (.001 mole . 6830g) was suspended in MeOH (100ml) and heated to 
60=0. Solid Mn(C104)2 .6HsO (0.0025 mole) was added. The BaVKClO^)^ 
gradually dissolved forming a yellow cloudy solution. This was filtered 
before FaSCF (.008 mole .6486g) in MeOH (50ml) was slowly dripped in. The 
resulting solution was heated for one hour at 60=0. , It was reduced in 
volume to =40ml and an equal volume of ether added. This was left at room 
temperature for 1% weeks at which stage, a yellow powder had formed leaving 
a colourless supernatant. (YIELD 49%).

ISFRARED 8RECTR9%,
Inter alia 3060, 2920, 2085sh, 2075sh, 1642m, 1592(pyridine)

AFALYSIS. Mn¥T(SCF)=.2MeOH
calc : 0 49.56
found : 0 49.57

5.20
4.69

F 19.26 
F 19.13

fi. = 90 Scm^ mol'
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Fe2VT<SCILi<.2fl2Q?.

BaWTCClOA)^(0.5 mmole, ,3300g) was dissolved in dry and deoxygenated 
MeCF(=100ml). On addition of solid Fe<010^)=.6H2Ü (1 mmole, .3507g) there 
was an instantaneous colour change (colourless to red to deep purple). 
FaFCS (0.010 mole, .3134g) in dried and deoxygenated CHoCF (50ml) was added 
over 15 minutes and the resulting solution filtered. Nitrogen was bubbled 
through the solution until the first signs of solid at which point the 
flask was placed in an ice bath. A deep purple solid was filtered off and 
dried in vacuo. (59%)

IHFEAREP SPECTRTO.
Inter alia (3400-3300 (br-H=0))* 2070cmr', 1990, 1640vw, 1588cm"

AFALYSIS FeVT(SCF)A
calc : C 41.75
found : C 39.81
Fe2VT(SCF)4.H20 
calc ; C 39.67

H 3.21 
H 3.25

H 3.61

F 20.29 
F 19.46**

F 19.28

FIzYTXSCHIa
BaVT(010^)2 (.001 mole, .683g) was dissolved in hot MeCF (150ml). A solution 
of FaSCF (.006 mole, .324g) in MeCF (20ml) was added and a small amount of 
white precipitate (Ba(SCF)2) was filtered off before a solution of 
Fi(C104)2 .6H2O (.002 mole, .7314g) in MeCF (20ml) was slowly added. The 
resulting solution was warmed at 50=C until there was no further colour 
change (30min) and the flask was then cooled in ice. A bright green 
precipitate formed which was filtered, washed in ice cold EtOH and dried In, 
vacuo. (YIELD=68%)

* Some IR's showed water and some didn't. Unfortunately those that showed 
water did not fit analysis.

** IE did not indicate water.
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IBEBAEEELSEECIEinL-
Tnter alia 3045, 2920, 2105ms, 1985vs(Vas HCS"), 1623m (VC=F), 1580,

1050, 820, 760, 468,

AFALYSIS. Fi=VT(SCF)A
calc : C 41.40 H 3.18 F 20.12
found ; C 41.39 H 3.38 F 20.31

293k=3.11Bm 93k=3.10Bm

F1,VT (SCF) c. (PkaB) 2 .2»eGF^
BaVT(ClÜ4)2 (0.5 mmole, .3413g) was warmed to 50=C in MeCF(lOOml). Solid 
FaFCS (.001 mole, .0811g) was added and the resulting solution stirred for 
5 minutes. After filtering, Fi(CIOa)^.6H2O (.001 mole, .3657g) was added 
again in solid form. After 15mins, FaPhaB (.002 mole, .6845g) in MeCF 
(50ml) was added over Ihr. The resulting olive green solution was stirred 
for %hr at 50=C, filtered hot, and placed in an ice bath. A green 
crystalline product separated out of solution. This was collected and air 
dried. (YIELD=75.5%)

IFFRARED SPECTRUM
Inter alia 3050cm-'', 2940, 2310, 2280 (VMeCF), 1975vs(VasFCS”),

1627mwC=F, 1580cm-’, 740 713 (BPh-*), 472

AFALYSIS FiaVTCSCF)*
calc ; C 68.2 H 5.2 F 10.7
found : C 68.1 H 5.2 F 10.5

CcteYT(FCS>.A,-

BaVT(C104)2 , (O.Smmol) was dissolved in MeCF(50ml) and Co(C10a)=î. 6H2O 
(Immol) added. The resulting solution was refluxed for =30min before 2- 
3 mmol of FaFCS dissolved in EtOH (20ml) was added. After lOmins, the 
solution was allowed to cool to room temperature before being concentrated 
using a rotary evaporator to -30cm^. After filtering, the solution was left
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to crystallize in a freezer at -20=C. A light brown microcrystalline powder 
was collected (YIELD 72%).

IHFEARED SPECTEOX..
Inter alia. 3043, 2842, 2090ms, 1985vs, 1628, 1582cm"'

A¥ALYSIS CozVTCBCSX*

calc : C 40.3 H 3.1 N 19.6
found ; C 40.8 H 3.0 ¥ 19.1

293k;4.63 93k 4.30

ÏÏOTEî Despite much effort no other pure (with respect to acceptable 
microanalysis) was obtained. Crude. CosVTdfa)^(Ph^B)^ showed both the high 
frequency (2080cm~') and low frequency (2000cm"') Na" signals so it is 
possible this is a candidate for a single end-on azide bridge!

Cu^VT(C1Qa>3|iQH.
Copper perchlorate hexahydrate (.008mole, 2.964g) was dissolved in hot
ethanol (20ml) and added to a hot suspension of BaVT(C104.)2 ( .002 mole,
1.365g) in EtOH (200ml). The suspension was refluxed for Ihr during which a 
light blue to dark blue colour change occurred. After cooling a sky blue 
powder was collected. (YIELD 40%)
* Ho more product was obtained from the filtrate.

ISFRARED SPECim.
Inter alia 3547(Vo h ),3041(aromatic C-H), 2943(aliphatic C-H). 1630(C=K), 

1585(pyridine), 1165, 1091vs, 623ms(CIOa),

AFALYSIS CusVKOH) (ClOaXs
calc : C 30.5 H 2.9 N 10.7
found : C 30.5 H 3.1 H 10.5

&=409 Scm^mol"'
p-ff 293k, 1.60#m, 93k, 0.90pm.
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Cu^VT(C1Q^)^(SC¥)3
Cu2VT(C104.>3 <0H) (0.5 mmole, . 4144g) was warmed to 50=C in MeCF (80ml)
before HalTCS (.0012 mole, .0843g) in MeCI (20ml) was slowly dripped in over
=20mins. The flask was placed in ice to cool it quickly, and a small amount 
of green precipitate formed. This was removed before the solution was 
concentrated to =20ml. It was then left in a freezer at -20=C for 16hrs. A 
green microcrystalline product was collected and washed with ice cold MeCIT. 
(YIELD 52.%)

IIPRARED SPECTRUM.
Inter alia 2070s, 1625, 1589, 1090vs, 629ms

AITALYSIS Cu2VT(SCN)2 (C10a)=>
calc : C 33.5 H 2.8 N 14.2
found : C 33.5 H 3.0 H 14.0

f 293k= 1. 67Pm 93k= 1. 5ipm

CtfzYKSCDzXEhuLBlzL
Cu2VT(C10a)3 (0H) (0.4 mmol, .3300g) was dissolved in MeCN (300ml) and a
solution of FalfCS (0.25 mmol, .0203g) in MeCN (150ml) was dripped in over 
l%hrs. The experiment was carried out at room temperature. An excess of 
PhaBBa (.0012 mole, . 411g) in MeClî (100ml) was dripped in over Ihr once all 
the lîairCS solution had been added. With both solutions added, the
resulting green solution was stirred at RT for %hr. The volume was reduced 
by % and the remaining solution left in a freezer at -20°C for 48hrs. A 
green crystalline product was obtained. (Yield 48%)
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IlFRARED SPECTRÜK
Inter alia 3028, 2780, 2029s, 1623 mw, 1582, 740 715ms (Ph^E)

AgALYSIS; Cu=VT(gC8)=(PhAB)2

calc : e 68.4 H 5.1 R 9.1
found : C 68.3 H 5.0 R 9.2

a = 170 8cm= mol-' (10"=% HeCR)

p-^4, 293K = 1.71 Bm 93K = 1.70Bm

ROTE When this reaction was tried with smaller volumes the yield was
significantly lower. When the reaction was carried out at 40=C an oily 
product was obtained.

CuvVT (Ra ) 2 (CIOa ) 2.
This experiment was carried out at room temperature throughout. RaRa was 
dissolved in EtOH (30ml) to which a small volume of water (10ml) had been 
added. This was diluted with HeCR (160ml). This solution was slowly 
dripped into a solution of Cu2WT0H(C1Qa)3 in HeCR (100ml) and the resulting 
solution stirred for 2%hrs. It was then reduced to = 30ml and left at 
-20=C for 72hr. Dark green crystals were collected and air dried. (32% 
Yield)

IRFRARED SPECTROR
Inter alia 3065, 2940, 2075s, 1645, 1580, 1340ms (V.Ra")

1623mw, 1090vs, 628ms

ARALYSIS Cu=WT(R3)=(C10A)=
calc ; C 31.7 H 2.9 R 22.2
found : C 32.0 H 2.8 R 21.7

ÛL = 356 8cm^ mol"'
293K 1.85Bm 93K 1.85Bm
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THE LIGAFD 3Bm AID ITS CQHPQDIDS

T.qnPTTTHAT.AT.T>EPryr)E (benzene 2,6 dicarboxaldehyde). This was obtained from
Aldrich Chemical Company Ltd. and used without further purification

Isophthalaldehyde (.003 mole) was warmed to gentle reflux in MeOH (300ml) 
before tren (.002mole) was added in concentrated form. This solution was 
stirred at mild reflux for 2-3 hours. On cooling fine white crystals 
separated. After filtering, the filtrate was left to evaporate at room 
temperature in a beaker. This yielded white crystals of X-rayable 
dimensions. (Yield = 89%).

IRFRARED BEECTROK
Inter alia: 3281, 3042, 3024, Cmr=-H, 2900-2800 C«i±-H, 1643 C=R

1432, 1354, 1336, 1290, 1065, 1034, 926, 799,693, (ligand)

ARALYSIS 3Bm; Cse Has Re
calc : C 73.7 R 19.1 H 7.2
found : C 73.9 R 19.2 H 7.3

E M
'H CDaCl2 298k 360MHz

PROTOR fppm multiplicity integral number of protons
A 7.52 t 16 3
B 8.19 d 29 6

C 5.33 s 15 3
E 7.58 s 30 6

F 3.72(br) 
3.29(br)

d 59 12

G 2.89(br)
2.70(br)

d 61 12



E x p e r i m e n t a l - L i g a n d  * 3 B m *

’̂ C CDCI3 298k 90MHz

CARBOR fppm off resonance
A/B/C 131.54 128.56 126.4

all 3 are doublets but are
indistinguishable

D 136.18 s
E 159.77 d
F 59.41 t
G 55.03 t

MASS SPEC M+ = 586

Page 60

ROTE Î Despite many attempts no template species was obtained and in each 
case the metal free product was obtained.
Metals tried include : -
Ba=+(PhAB-,C10A-), Pb=+, Ag+CClOa-, PFe", CF3803-)Cu=+, Ca=+, Cu=
Cs+(I-, RO3-) 8r=+ Mg=+

Other variations eg. solvent mixtures, counterions, temperature and 
reaction time, were tried.

Ag23Bin<CF3a33l2.2EtQH... (IR8ERTI0R)
3Bm <0. lOg, 0.17mmol) was warmed to 40°C in an MeCR (50ml)/EtOH (50ml) 
solvent mixture before a solution of AgCF38Ü3 (MeCR (50ml)/EtOH (50ml) was 
added over % hour. The resulting pale yellow solution was stirred at 40=0 
for 6 hours. On cooling the solution was reduced in volume until the first 
signs of solid. After filtering the flask was placed in a freezer at 
-20=C. This gave a white fine crystalline solid in 32% yield

ROTE; This reaction did not work at room temperature or when only MeCR was 
used.
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IRFRARED SPECTRlffl.-
Tnter alia: 3490 (OH of EtOH) 3065 3030 (C.r=-H) 2917

2859 (C«ii-H) 1649 (C=R) 1598 (ligand)
1254, 1148, 1029 (CFsSOs)

ARALYSIS Ag=3Bm(CF3803)=.2Et0H
calc : C 41.1 H 4.4
found : C 40.9 H 3.9

9.6
9.3

SL = 295 ScrP mol"'

RHR (labelling as 3Bm)

'H 294K CD3CR 360MHz

PROTOR
A
B
C
E
F
G

fppm
7.75
7.87
9.50br
8.59
3.46
2.90

KOLTIPLICITY
t
d
s
s
s
s

IRTEGRAL
21
42
42
44
87
85

Ro. OF PROTORS
3
6
6
6
12
12.

EtOH observed as triplet at 1.21 (integral 44 ie 6H) 
quartet at 2.36 (integral 23 ie 4H)

F-..A..B
C Ag23Bin(CF3S03)] 
[Ag=3Bm]=+
[ Ag3Bm]
C 3Bm] +

951
801
693
585

% OF BA8E PEAK 
(68)
(8)

(100)
(7)
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Cu23Bm(Cl0^)2,2H3Q
3Bm (.2mmol, .11 g) was dissolved in deoxygenated CH2CI2 before CuCMeCR)* 
CIOa (.4mmol .12g) In 20ml deoxygenated MeCR/EtOH (2:1) was added. After 
full development of the bright yellow colour the solution, being non oxygen 
- sensitive, was reduced in volume on a rotary evaporator to =20ml. On 
standing a yellow crystalline product formed in 58% yield.

IRFRARED. SPECTRTO
Inter alia 3060 3029 C*r=-H, 2869 C.ii-H 1646 C=R 

1589 ligand 1086, 622 CIOa"

ARALYSIS. Cu=3Bm(C10A)=.2H=0
calc ;: C 45.56 H

found :I C 44.51 H

fi. = 352 Scm^mol' (10-*M, MeCR)

RRR 'H CD3CR 294K 360MHz

PROTOR fppm multiplicity integral
A 7.709 t 15
B 7.80 d 29
C 9.913 s 14
E 8.512 s 30
F 3.30 d 58
G 3.175, 2.7 d, m 30, 31

[Cu2 3Bm]^+

4.89
5.21

R 11.81 
R 11.35

Ro. of protons.
3
6
3
6
12
12

3Bm (.3g, .54 mmol) was dissolved in CH2CI2. A solution of Cu(C10a )2 .6H2O 
(.7g 1.89 mmol) was added in EtOH resulting in the instant precipitation of 
a bright green solid (.4g, 77%). Recrystallization of this powder gave a 
fine bright green microcrystalline product.

If the green powder is stirred over a period of =24hrs in CHaClz/MeCR/EtOH 
a bright blue crystalline powder is obtained (=40%)
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IRFRARED SPECTRTO
Inter alia (Green product) - 3428, 3128, 2926, 2876, 1643, 1605,

1577, 1088, 624.

Inter alia (Blue product) - 3423, (OH) 3314 3273, (RHz), 3107*, 2928,
2879, 1646, 1579*, 1556*, 1093, 623 

/ '
* possibly deriveed from phenoxy - OPh.

ARALYSIS
Green product
Cu23Bm(QH)(C10a )3 calc ; C 40.60 H 4.35 R 10.63

found : C 40.39 H 4.40 R 10.52

BLUE FORM Cu22Bm-0(0H)(C10a)3
calc ; C 34.77 H 4.41 R 10.88
found : C 35.22 H 4.58 R 11.59

0 (Green) = 573 Scm^mol~' (10~‘*M)
Q (Blue) = 545 Scm^mol"’ (10~^M)

Ei-A>B Green form. % OF BASE PEAK (M/e = 110)
CCu23Bm(0H) (CIOa )̂ ]-*- 929 (15)
[Cu23Bm(0H)C10A]+ 830 (50)
[Cu23BmOH]+ 729 (30)
[Cu3Bm]+ 649 (55)
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RSEm. HoQ (this was prepared in two ways)

HETHQD-.A
3Bm (1.7627g) was suspended in EtOH (400ml) and brought to reflux. A large 
excess of RaBHA was added as a solid in small amounts until no further 
fizzing occurred upon addition. The solution was left to reflux for 3 
hours before the heat was switched off - the solution was then left to stir 
at room temperature for 48 hours. After filtering, the solvent was removed 
and the resulting creamy white solid taken up in a strong RaOH solution 
(Ig in 15ml HzO). Chloroform (6x30ml) was used to extract the product, - 
the combined extracts then being washed with demineralized water (lx50ml). 
RazSÛA was used as drying agent and a quantity added until the cloudiness 
of the washed extracts had disappeared. The chloroform solution was 
reduced to dryness leaving an oily material which was taken up in MeOH 
(250ml). This gave a small amount of white insoluble material which was 
filtered off. Again the solvent was removed leaving a waxy solid which was 
pumped for 48 hours to give a white solid (Yield = 66%)

ROTE Reaction needs 48 hour stir - mass spec, of product obtained after 3 
hour reflux stage gave values of partially reduced species at 594, 595,
596, 597.

IRFRARED SPECTRUM
Inter alia; 3298 R-H, 3105 3012 C.r= -H, 2878

2918 C.11 -H, 1455, 1438, 1127
1049, 780, 751, 694, cm"' (ligand)

ARALYSIS R3Bm .H=0
calc : C 70.0 H 9.0 R 17.7
found : C 70.0 H 8.6 R 18.1

HASS SPEC
m/e-̂  598 (100%)
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M K

'H 298K 360MHz CD3OD

PROTOR fppm multiplicity integral no. of protons
A/B 7.20 M* 38 3+6
C 7.09 s 12 3
E 3.62 s 50 12
F 2.59 m 56 12
G 2.45 m 54 12

♦ undlstinguishable multiplet 
NH observed at 2.3ppm as broad hump - confirmed by D%0 shake

HETHQD-E

This involved an In situ reduction ie without isolation of the 3Bm ligand.

Isophthalaldehyde (.8181g .OOômole) was brought to reflux in EtOH (=300ml) 
before the concentrated amine C.004mole, .6ml) was added. This solution 
was left to stir at reflux for 3 hours before an excess of RaBHA was added 
until no further fizzing occurred upon addition. This solution was left 
refluxing for a further 3 hours before the heat was turned off. The 
solution was left to stir at room temperature for 48 hours before being 
worked up as before. This gave a yellow oily product in 54%yield.

HASS iSFEC
M/e+ 598 (-no partially reduced impurity observed)

ROTE - this method gives a lower yield and a poorer quality of product.
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H2R3Ba<CFaSQa).2.
This product was obtained whilst attempting to insert Ag^ into the reduced 
ligand.

R3Bm (.Ig 0.167 mmol) was dissolved in MeCN/EtOH (50ml/50ml) and warmed to 
40=C. A solution of silver triflate (25ml MeCR/25ml EtOH) was added slowly
over % hour. The resulting pale yellow solution was stirred for 3 hours at
40=C. On cooling the solution was concentrated and placed in the freezer
over the weekend. Fine white platelet crystals were obtained in 19% yield.

IRFRARED SPECTRÜ1C
Inter alia 3289, R-H, 3070 C.r.-H 2824 C.ii-H

1256, 1159, 1029, CF3SÜ3-

ARALYSIS %2R3Bm(CF3803)=
calc : C 50.8 H 6.29 R 12.46
found : C 50.6 H 6.4 R 12.3

F.A.B % OF BASE PEAK
[H R3Bml+ 600 (62)
[Hz R3Bm CF38Ü3]+ 749 (100)

Vork on the transition metals with R3Bm is yet to be carried out
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THE LIGAED 3Bp AID ITS COMPLEXES

Benzene 1,4-dlcarbozaldehyde (lerephthalaldeMd&l

This was obtained from Aldrich Chemical Company Ltd. and used without 
further purification.

lEFEAEED SPECTRÜK
Inter alia: 3363 C*r=-H, 2884 C*ii-H, 1694, C=0

1500, 1380, 1300, 1200, 805, 780, 480 cm-""

Ag^3Bp(CF3803)= (TEMPLATE)

AgirOa (.002 mole, . 3398g) was dissolved in MeOH (100ml) at 50=C. 
Terephthalaldehyde (.003 mole, .4024g) in MeOH (50ml) and tren 
(.002mole, .30ml) in MeOH (50ml) were added simultaneously. This gave a 
brown murky solution which on stirring for 2 hours at 50=C became yellowy 
green. On cooling, the solution was filtered before being concentrated to 
=50ml. An excess of triflate in an equal volume of acetonitrile (ie =50ml) 
was added before the beaker was blacked out using perforated foil and 
placed in a fume cupboard to allow slow evaporation. This gave bright 
yellow crystals of X-rayable size (Yield = 89%).

IHFRARED SFJSCTRH3C
Inter alia; 3280 C.r=-H, 2842 C.ii-H, 1644 C=M 

1266, 1162, 1028, CFs iSOa".

MALYSIS Ag=3Bp(CF3803)=
calc C 41.5 H 3.9 N 10.2
found C 41.9 H 4.0 M 10.4
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Û. = 262 Scm^ mol-i 
BXR

'H 294K CDsCM 400MHz

PROTOE fppm
A 7.86
C 8.70
D 3.09
E 3.07

13Q

CARBOE fppm
A 116.9
B 162.227
C 127.46
D 56.2
E 50.7

F.A,B
C Ag23BpCF:■iSOa]
[ Ag3Bp]
[3Bp3 +

multiplicity
s
s
t
t

Integral
42 
21
43 
42

off resonance multiplicity 
d 
s 
d 
t 
t

no. of protons 
12 
6 
12
12

951
693
587

% BASE PEAK 
(22) 
(100) 
(10)

MOTE; When using AgClO* the main reaction was the formation of an olive 
green silver-amine complex. This was confirmed by reacting silver
perchlorate with tren in the absence of the dicarbonyl:- this also gave a 
green product. The ir of the 2 green products were identical showing MHa 
peaks at 3361 and 3342cm"’ as well as very weak or no signal at ca. 1640cm"’ 
(C=M) in the case of the template attempted reaction.
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Pb23Bp<SCEl.a
Pb(8CM)z (4 mmol, 1,358g) was suspended in MeCM (350ml) and heated to 50°C. 
Tren (.004mole, .60ml) in MeOH (75ml) and the dialdehyde (.OOômole .8048g) 
in MeOH (75ml) were dripped in simultaneously. On stirring for 3 hours the 
solution gradually became a very pale yellow. Unreacted Pb(SCM2) was 
filtered off, and the filtrate reduced. The solution was left to 
evaporate. This gave a creamy yellow powder in 87% yield.

MOTE Despite efforts this product was never obtained in a pure form (ie 
unsatisfactory microanalysis). However it reduced successfully with sodium 
borohydride to give R3Bp. Presence of a black solid after reduction showed 
presence of the metal in the unreduced starting material.

Bfl2Ep(ClQ/.)̂  - When Ba-^ was used as templating agent the ir of the product 
indicated MHz but not C=G. Thus the product may be an open chain 
derivative - this will be followed up in the future as a means of obtaining 
assymmetric cryptands. MOTE:- in refluxing dry MeOH the open chain 
product, as indicated by ir was obtained, but at room temperature in MeOH 
an oily material showing both MHz and C=0 signals in the ir was obtained

3Bp ,OEzO
Terephthalaldehyde (.4024g .003mole) was warmed to 50=C in MeOH (100ml). A 
solution of tren (.002mole .30ml) in MeOH (50ml) was dripped in over % hour 
and the solution was then stirred for 2% hours at 50=C during which a 
bright yellow colour developed. On cooling, the solution was filtered and 
concentrated to =40mls. An equal volume of MeCM was added, and the beaker 
left in a well ventilated area to allow evaporation. Small cubed crystals 
of X-rayable size were collected and washed with ice cold MeCM (78%).

IfiFRAREBSEECim
Inter alia 3650-3000cm-’ , HzO, 2841 C ^ n -H ,  1643, C=M, 

1450. 1437, 1375, 1338, 1300, 1077, 1033, 
907, 823, 742, 722, 514, ligand.
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AMALYSIS 3Bp . 6HzO
calc : C 62.1
found : C 61.7

7.8
7.9

M' 16.1 
M 16.5

ÏÏSR.

'H CDsOD 298K 360MHz

PROTOÏ fppm multiplicity integral
A 7.32 s 40
C 8.29 s 20
D 3.84= s* 41
E 2.83= 8*= 40

no. of protons 
12 
6 
12 
12

(a) essentially singlet but really is a very poorly resolved quinted.
(b> essentially singlet but really is a very poorly resolved triplet,
(c) slightly broad.

MOTE: Water observed as singlet at 5.Oppm integral 41 <12H) ie 6HzO.

13C CD3CI3 RT 90MHz

CARBOM fppm off resonance
A 154.15 d
B 165.59 s
C 194.58 d
D 69.86 t
E 63.49 t.

MASS SPECTRUM
M-̂ 587 (100%)
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Agz3Bp<CF3SG)3)z (lïïSERTIOM)

3Bp (.15g . 256mmül) was dissolved in MeCM (50ml)/EtOH (50ml) at 50'=’C. A 
solution of AgCFgSOs (.1645g .63mmol) in MeCM (25ml)/EtOH (25ml) was slowly 
dripped into the solution of the ligand heating at 50=C, and stirring was 
maintained for 2 hours before the solution was cooled, concentrated and 
placed at -20=C for 24 hours. This gave fine yellow needle crystals in 62% 
yield. (IR,. analysis, mass spec, and nmr as for the templated form of the 
titled complex. )

Cu^3Bp <C1Qa ).2.

3Bp (.2mmol .1172g) was dissolved in deoxygenated CHzClz. Cu(MeCM)4C104 
(.4mmol, .1308g) was added as a solution in MeCM(20ml). This gave a yellow 
colour. After % hour the solution was concentrated to ca. 20ml on a rotary
evaporator. This yielded bronzey crystals in 54% yield.

INFRARED iSBECTRBH
Inter alia: 3038 C«ro-H, 2914, 2854 C«ü -H,

1627 C=M, 1088, 622, C10a~

AMALYSIS Cuz3Bp(C10a)=
calc ; C 47.39 H 4.64 M 12.28
found : C 47.23 H 4.63 M 12.24

Û. = 367 Scm^mol-’ (10"^M)

MR.

'H nmr CDaCM 400MHz 294K

PROTOM fppm multiplicity integral no. of protons.
A 7.42 s 37 12
C 8.59 s 19 6
D 3.87 t 38 12
E 3.15 t 37 12



LIGAND R3Bp
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The reduced form of the ligand 3Bp has been prepared in 4 ways - all use 
FaBHA as the reducing agent.

(A) reduction of Pb23Bp<SCN>A or Ag23Bp(CF380o )2

(B) in-situ reduction of PbaBBpCSCN)^ or AgaBBp^CFoSOo)^ 
ie. forming PbzBBpCSCFXa but not isolating it.

<C> reduction of 3Bp.6H2O
(D> in-situ reduction of 3Bp .6H2O

Yields and quality of reduced product were generally better where the 
unreduced product was isolated and then reduced rather than the in situ 
reduction.

The reduction of PbaBBpCSCN)^ required a shorter reaction time than the 
reduction of BBp.GHaO. This seems to be a general trend in all the ligands 
of this series. The metal free ligands generally require a 48 hour stir at 
room temperature as well as the 3 hour reflux whereas for the metal 
derivatives the 3 hour reflux (in some cases with a 12 hour stir at room 
temperature) seems to suffice.

Pbz3Bp(8CF)A (.74mmol .92g> was brought to reflux in EtOH (120ml). The 
FaBE* (3.9mmol .147g) was added in small portions (in solid form) over % 
hour. This produced a black colour and on adding a violent fizzing 
reaction occurred. Once all the FaBH* had been added the black suspension, 
in a now colourless liquid, (as opposed to the initial yellow colour) was 
heated at reflux for 3-4 hours. On cooling the black solid was filtered 
off and the filtrate worked up as in the case of 3Bm -» R3Bm.

A white flaky solid - R3Bp - was obtained in 41% yield.

IHFRAREH-SEECTRIM
Inter alia 3273, 3231 FH, 3041 Cmr=-H, 2797 C«n-H,

1513, 1458, 1362, 1326, 1296, 1127,
1053, 1017, 799, 772,
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&IALISIS R3Bp
calc
found

70.7
70.3

9.3 
9.1

Page 73

17.5
18.0

M K

•H

PEOTOF
A
C
D
E

CDoOD

fppm
6.8
3.67
2.8
2.65

298K 360MHz

multiplicity
s
s
t
t

Integral
48
23
48
48

no. of protons
12
6
12
12

BROAD FH at 2.01 ppm - confirmed by DzO shake. 

’=■0 CD3OD 298k 360MHz

^SBOF tfppm multiplicity off
A 127.51 d
B 138.4 s
C 54.1 t
D 53.6 t
E 47.95 t

K&SS SPEC
M+ 599

AgzRSBp (CFaSOa ) •z I SgQ

R3Bp (.167mmol .lOg) was dissolved in MeCF <50ml)/EtOH (50ml) at 40=C. Ag 
CF3SO3 was dissolved in MeCF (25ml)/EtOH (25ml) and slowly dripped into the 
ligand solution. After 3 hours at 40=C the solution was cooled, filtered, 
concentrated and placed in the freezer for 48 hours. A white powder of the 
titled compound was collected in 48% yield.
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IITFRARED SPECTRIM
Inter alia; 3272, F-H, 3025 C«ro-H, 2851 1449 ligand,

1250, 1158, 1028, CF3SO3-.

AFALYSIS Ag=R3Bp(CF3803)= .H=0
calc : C 40.4 H 4.9 F 9.5
found ; C 40.4 H 4.2 F 9.9

Q. = 236 8cm=: mol”''.



LIGAND 3F
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THE LIGAHD 3F AHl) ITS COMPLEXES.

Tris - (2-aolaoethyl) aminé '(TREE)' (HHaCHaCHzlaH
This reagent was obtained from Aldrich Chemical Company Ltd, and used 
without further purification.

2.5 - Diformylfuraa (DEE)

2.5 - dimethanol furan (27,5g) was added to a suspension of freshly 
activated manganese dioxide (below) (290g) in dry toluene (1500ml). The 
mixture was stirred and refluxed for six hours during which the solution 
changed colour from deep orange/brown to yellow. On cooling, the solution 
was filtered to remove the manganese dioxide and the filtrate reduced, to 
dryness on the rotary evaporator. The manganese dioxide was then heated 
and stirred In fresh toluene (200ml) to give another 2g of pale yellow 
crude product. The compound was recrystallized from chloroform/carbon 
tetrachloride and then sublimed at ôO^C/0.45mmHg to give the pure 2-5 
dlformyl furan (Yield 82%). The product was characterized from CHH 
analysis, nmr, Ir and mass spectrum

Infrared Spectrum
Inter alia 3140 C.r=-H, 2860 C*ii-H, 1680 C=0, 1510, 1410, 1260, 800

AHALYSIS Cs Ha O3

calc : C 58.0 H 3.2
found : C 57.6 H 3.4

Mass Spectrum
p^ m/e 124
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'ÏÏTtTiïr Spectrum. 294K CDCI3 250MHz

PROTOirS ppm
A 7.5 (s)
C 10.1 <s>

Préparation of Hangaxi,ese dioxide

The compound was prepared by literature methods'-'. MnSO^.H^O (150g) was 
dissolved in hot water (200 ml) and the pale pink solution was brought to 
the boil before a cold aqueous solution of KMnO^ (120g in 41) was added 
slowly (11 per % hour). Once all the KMnO* was added the resulting 
suspension was stirred and heated for a further 15min before being filtered 
using water suction. The brown/black solid was washed with boiling water 
(500ml). The MnOa was then placed in a large crystallization dish and 
heated in an oven at 120-125=0 for 48 hours. Just before use the product 
was ground to a fine black powder in a well ventilated fume cubboard

My thanks go to Clarke Stevenson for his 'tips' and advice for carrying out 
these preparations

X£m.ATE..EQmTIQg

DFF (.004 mole, 0.4964g) and Ba(C104)z (.0015 mole, 0.5043g) were stirred 
at 40=0 in Me OH (300ml). The amine, tren, (0.3ml, . 002mole) and PhABMa
(.OOlSmole, .6160g) were dissolved in MeOH (200ml) and dripped into the 
barium/DFF solution over 1% hours. The resulting solution was stirred for 
a further 1% hours during which a clear yellow solution developed. The 
product was obtained by rotatary evaporating the solution to dryness (62% 
yield)
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IBFRARED. SPECTRUK
Inter alia: 3105,3055,C*r=-H, 2855 1648 C=%, 780, 720, PhaB",

1028, 622, CIO4-

MALISIS Ba3F(ClÜ4)(PhaB)

calc:
found:

C 58.29 
C 58.30

H 5.07 
H 5.27

N 10.07 
N 10.15

Q. = 244 Scm^ mol' (402 for 10-*M)

F,A,B
[BaSFClO^]-^ 
C BaSFPhaB]'

793
1013

% BASE ION PEAK = 122 
(4.4)
(2 .1)

Ba3E<PkaBl2 BY TEMPLATE jRETHOD

- As for the Ba3F(Ph4.B) (CIO4.) preparation but using over twice the amount 
of Pĥ -BKa ie (,004mole, 1.3689g). This reduces the solubility of the
product and makes it easier to obtain a cleaner product. It also increases 
the yield (72%).

Ba3£..(PiuBl2— BlL.IBSERT.IQg «ETHOD.

Ba(C104.)=> (0.65 mmol, . 2187g) and 3F (0.65 mmol, 0.3682g) were dissolved in 
MeOH (200ml) at 40=C. A solution of Ph^BBa (.0016mole, 0.5565g) in MeOH 
(50ml) was slowly added and the resulting yellow solution left to stir at 
40=C for 3hrs. On cooling the volume was reduced until the first, signs of 
solid appeared. After filtering the filtrate was placed in a freezer for 
24 hours. A pale yellow microcrystalline product was obtained in 82% 
yield.
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IHFRARED SPECTRUS
Inter Alla 3348 3051, C.r=-H, 2854 1621 C=B, 747, 704,

PhaB-'

AffALYSIS Ba3F(PhAB)2 by insertion
calc î C 70.31 H 5.75
found : C 70.10 H 5.60

K 8.41 
B 8.53

= 222 ScnP mol“’ (442 for 10"^#)

Hninr CDnCB El SQQBHz

PROTOff fppm
A 7.06
C 8.163
D 3.185 3.24 3.298
E 2.612 2.67 2.719

multiplicity integral
9
8
19
18

no of protons
6
6
12
12

CDaCF ET SOOBHz

CASBOÏ ATOM 
A 
B 
C 
D 
E

&ppm 
118.282 
155.565 
153.784 
63.938 
59.342

splitting (off resonance) 
d 
s 
d 
t 
t

'PhaB- at 168, 165, 163, 161, 136, 126,ppm

F.A.B. [Ba3F(PhAB>] 
[Ba3F3 +

% BASE ION PEAK = 298 
1013 (4.5)
694 (13.2)
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Sr3F(PhAB)^.2H^Q IBSERTIQK.
This was prepared in the same way as Ba3F(PhAB)z, using Sr(CIOa)^.6H2O. 
(.002 mole, .7892g) (Yield = 72%)

Infrared spectrumt-
Inter alia 3120 furan, 3040 Cmro-H, 2945 C«ii~H,
1644 1621 C=B, 732 704 PhaB".

AffALYSIS Sr3F(PhAB)=.2%zO
calc ; C 73.03
found ; C 72.90

5.97 
6. 10

ff 8.74 
ff 8.72

fi. = 250 8cm= mol-’ (460 for 10"*%)

fîmnr CDaCff RT 90MHz

PROTOff
A
C
D
E

(fppm 
7.029 
8.130 
3.41(br) 
2 . 6 (br)

splitting
s
s
m
m

integral
8
8
16
17

no of protons
6
6
12
12

CSr3F(PhAB)] 
[ Sr3F3

963
644

% BASE lOff PEAK = 176 
(4)
(10.8)

Ca3F <F1uB>2 , 2B2Q < IffSERTIQff?.
This was prepared in the same way as the barium derivative using 
Ca(C10A)=.6H20 (.002mole .6941g) (Yield = 46%)

IffFRAREB SEECTRTOt.
Inter alia 3060 furan, 3051 Cmr=-H, 2849 1640 C=N, 734, 704 PhaB-
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AffALYSIS Ca3F(PhAB)=.2H=0
calc : C 75.85
found ; C 75.22

6.20
6.43

ff 9.07 
ff 9.54

û. = 236 Scm^ mol-’ (421 for lO-^m)

' H CDsCff RT 300MHz

PROTOff
A
C
D
E

<îppm 
6.98 
8 . 089 

3.49-3.57 
2.67-2.78

multiplicity
s
s
m (sh) 
m (sh)

integral
12 
12 

. 25 
27

no protons
6
6
12
12

CARBOff
A
B
C
D
E

tfppm
119.776* 
153.44 
154.531 
59.457 
59.112 masked in solvent peak

BPhA~ in evidence at 136, 126 and 122

CCa3F(BPhA)3 
C Ca3F3 ++
[3F3

% BASE lOff PEAK = 307 
915 (10.4)
596 (41.9)
557 (90)

ffOTE - attempts to template on Sr^* or Ca=+ gave products which were not 
fully closed ie. both ffHz and C=0 signals still apparent in ir. Only using 
insertion method could fully closed systems be obtained.
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Ag^SFCCF^SQ^)^. TEMPLATE HETHQD...
AgBOs (.002mole, . 3398g) was warmed to 40° in MeCN (300ml). A solution of
tren (,002mole, .30ml in MeCB 100ml) and a solution of DFF (.003 mole,
3723g in 100ml MeCB) were added simultaneously over %hr. The resulting 
solution was left to stir at 40°C for 3hrs. On cooling the volume was 
reduced to =40ml and AgCFsSOa (large excess) in MeCB (10ml) added. The 
beaker was blacked out using foil. Holes were punched into the’ foil to
allow slow evaporation of the solvent.. This gave a mixture of products -
the main product was a brown rubbery polymeric species but a small number 
of fine yellow crystals were also recovered (12%).

IHFRAREB.SPECTRTO
Inter alia: 3583, 3510 water, 3103 C«ro-H, 2911 C*ii-H, 1647 C=B

1263, 1155, 1028 (CFsSOa")

AffALYSIS Ag23F(CF3803)=.H=0.MeCff
calc : C 36.1 H 3.6 ff 11.0
found : C 36.0 H 3.2 ff 10.6

Q. = 276 8cm-’ mol"’

Agz3£(C£aS03>2 BY IffSERTIQH METHOD..
The ligand 3F (0.26 mmol, .15g), was dissolved in methylene chloride (40ml) 
before a solution of AgCFsSOa (0.89 mmol .23g in 80ml MeCff) was added. The 
resulting solution was stirred at 40°C for haTf an hour. On cooling EtOH 
(50ml) was added and the solution then concentrated until the first signs 
of solid appeared on the flask. The flask was left in a well ventilated 
area and after 24hrs fine yellow crystals were collected using EtOH (64%).

IBFJRARED SPECTRDH«
Inter alia 3130 furan, 2917, 2849, C*ii-H, 1643 C=ff, 1268, 1155,

1028 (triflate)
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ARALYSIS Ag=3F(CF3803)=.
calc : C 35.9 H 3.38 B 10.47
found : C 35.49 H 3.34 B 10.70

fi. = 267 8cm^ mol"’

F.A.B. % BASE lOB PEAK
[Ag23F(CF3803)z]^ 1071 very weak
[AgzSFCCFsSOs)]"- 921 80
[Agz3F]+ 771 20
[Ag3F]+ 666 100
[3F]+ 558 65

3E ..(BOB-TEMPIATE SYBTg^IS).
A methanolic solution of tren <.002mole, 0.3mlin 100ml) was gently refluxed 
as a solution of DFF (.003 mole, .3723g) in MeOH (50ml) was slowly added. 
The solution was gently refluxed for 3hrs during which it became bright 
yellow. After cooling the solution was reduced to qsl 20ml. An equal volume 
of MeCB was added and the beaker left to evaporate in the fume cupboard. 
Transparent cube crystals were isolated and washed in ice cold MeCB. (Yield 
62%).

BOTE - This reaction requires the presence of water and will not proceed 
(in good yield) in dry solvents. In some cases addition of 20ml of water 
was required to bring about crystallization.

IBERAREP. SPECTRBl,
Inter alia 3375 (HzO), 2895, 1634, 1580, 1439 1355, 1212, 1009 903 765,

743, 555

ABALYSIS SF.MzO ( (3F) = .H=0 Ceo H^A Bie O7 )
calc : C 63.6 H 6.5 B 19.8
found : C 63.6 H 6.7 B 19.9



Experimental - Ligand *3F* page 63

H M  'H CDCls RT 250MHz,

PROTOB
A
C
D
E

fppm 
7.09 (sh) 
7.73 (sh) 
3.538(sh) 
2.735(sh)

multiplicity Integral
21
20
40
41

no. of protons 
6 
6 
12 
12

CDCla RT 90MHz.

CARBOB
A
B
C
D
E

fppm 
111.012 
153.410 
152.115 
59.821 
54.75

multiplicity (off resonance) 
d 
s 
d 
t 
t

mass spec m/e" 556

Cu23F(C10a >2.2H2Q
3F (.0002mole, .1112g) was dissolved In deoxygenated methylene chloride -
(30ml) and a solution of Cu(MeCB)aCIOa (.0004mole, .1308g) in acetonitrile 
was added. After 5 minutes deoxygenated EtOH (10ml) was added. The yellow 
solution was stable in air and so the volume was reduced to =20ml using a 
rotary evaporator. A red microcrystalline product was obtained in 55% 
yield.

IBFRAREP SPECTRBK.
Inter alia ; 3743, 3612, (HaO) 3128 furan, 2922, 2863, C*ii-H

1629 C=B 1028, 621 CIO*-.
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ABALYSIS Cu=3F(C10A)=
anhydrous calc C 40.82

.H=0 calc C 40.04
.2HzO calc C 39.22

found C 39.8

4.11
4.26
4.4
4.03

12.70
12.45
12.2
12.22

fi. = 280 ScmFmol"’

' ffmnr CDsCB 294k 400MHz

PROTOB
A
C
D

tfppm
7.1
8.22
3.42
3.25
3.22

multiplicity
s
s
m
d
d

Integral
30
30
30
15
15

no protons
6
6

12

3.14 
3.10 
2.67

15
15
30

12

CuzSF(QH> (C104>3(,HzQ?>
3F C.5g, 0.89 mmol) was dissolved in methylene chloride and to it was added 
Cu <C10a)2:. 6H2O (.Ig 0.27 mmol) in EtOH. This resulted in a rapid 
precipitation of a yellow solid that slowly turned green on filtration in
the air. Recrystallization in MeCB/EtOH gave emerald green small crystals.

IBFRA3RED SPEGTRPK
Inter alia 3742, H2O 3435, OH, 3125 furan, 2933, 2876 C«ii-H,

1633 C=B, 1096, 622 CIOa"

ABALYSIS

fi. 389 ScmFmoT-’
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F, A, Bt, % BASE lOB PEAK
[Cu=3F(0H)(C1ÛA)=]+ 899 65
[Cuz3F(0H)(C10A)]+ 800 75
[CU23F0H]+ 699 50
[Cu3FT+ 619 100

PREPARATIQB OF (KeCB)aCIQa . .
This complex was prepared by the method of Hemmerich and 
8igwart<^).(7.0g, O.OSmol) of CuzO and 16ml (0.4 mol) of acetonitrile were 
refluxed in 60ml of deoxygenated 2B HCIOa until all the CuzO had dissolved 
(2hours). The white crystalline product formed on cooling under nitrogen. 
It was filtered, washed with cold deoxygenated acetonitrile and dried under 
a stream of nitrogen. [Cu(CHaCB)a3CIOa was stored in a sealed flask under 
nitrogen. [Yield = 83%]

mSFClCLuBzO, 2HeCRt
3F (O.lg, 0.17 mmol) was dissolved in MeCB (40ml) by refluxing before 
BaC10A.6Hz0 (0.1036g, 0.44 mmol) in MeCN (20ml) was added. The resulting
solution was stirred at a gentle reflux for 1 hour. On cooling the solution 
was filtered and reduced in volume. After 72 hours at -20°C a yellow 
product was collected. (Yield 20%)

IBFRARBP.SPECTRBg
Inter alia 3403 3347 HzO, 3138 furan, 2892 C«ai-H,

2252 MeCN, 1640 C=N, 1040 621 CIGa-

ANALYSIS Na3FClÜA. 2H2Ü. MeCN
calc : C 51.92 H 5.87 N 17.04 Na 3.09
found ; C 52.04 H 5.64 N 17.11 Na 3.25

Û. = 112 ScmFmoT"’



N N

ligand R3F
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ErA.B,
[Ua3F3 +
C H3F3 +

page 86

5 7 9

557

%  BASE ION PEAK 
100 
16

Note : Free ligand was recollected in the reaction with Li+. Reaction with 
K"̂ is yet to be carried out.

R3F.t.
DFF (.7446g, .006 mole) was dissolved in methanol (200ml) at room
temperature. A methanolic solution of tren (.60ml .004 mole in 50ml) was 
added and the solution stirred at room temperature for 1 hour. NaBH* 
(.7566g .lOmol) was added in solid form and the resulting solution left
stirring at room temperature for 72 hours. The solution was worked up as in 
3Bm -> R3Bm. (Yield 68%).

INFRARED SPECTROB
Inter alia 3303 3249 N-H, 3124 furan,

2823 1454 1204 792 ligand

AffALYSIS R3F (Cao ffe Oa)
calc ; C 63.3
found ; C 62.9

8.5
8.3

ff 19.7 
ff 19. 1

'Hnmr CDCla RT 250MHz

PROTOff ffppm multiplicity integral no protons
A 6.0807 s 24 6

C 3.6991 s 47 12

D/E 2.5703 s 90 24

NH observed as small broad hump at 2.3ppm - confirmed by D^O shake.



ExperÎJBental - Ligand *3F* page 67

CDCla RT 90MHz.

CARBOff
A
B
C
D
E

fppm
107.398
153.302
55.452
47.305
46.228

multiplicity

Mass spec, m/e’ 568. (100%)

MhcR3F(0H)i (CFr̂ SOr:.)̂ .2Ĥ O.
R3F (,100g .17 mmol) was suspended in MeCff (100ml) and gently refluxed. A
solution of Mn(CF3SÜ3)2 .6H20 in MeCff (100ml) was added slowly and the 
resulting very pale yellow solution refluxed for % hour. On cooling EtOH 
(80ml) was added before the solution was reduced in volume and placed in a 
freezer overnight at ~20°C. A product of fine, needle crystals was 
collected. (Yield = 57%)

IffFRARED SPECTRÏÏK
Inter alia 3564 OH, 3285 3241 NH, 3080 furan, 2866 Cmii"H,

1273 1160 1028 CF3SO3

ANALYSIS Mn2R3F(0H)i(CF3S03)3 .2H30.
calc : C 33.62 H 4.53
found : C 33.79 H 4.14

N 9.50 
N 9.42

SL = 587 Scm^mol’ (10-^m)

[Mn2R3F(0H)(CFaSOa)^]
[Mn2R3F(CF3S03)3]-^
[ MnR3F3
[MnR3F(CF3S03)3-^
[ H2R3F]

% BASE ION PEAK 
993 (80)
1126 (5)
623 (15)
773 (100)
570 (23)
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CQ2R3E<0HI-<C10a?3. 2H2Q
R3F (.10g, 0.18 mmol) was suspended in MeCN (100ml) and while at a gentle
reflux a solution of Co(C10/t)2.6H2O (. 1740g, 0.44 mmol) was added. After 
reducing the volume to qsl 30ml it was placed in a freezer at -20=C for 4 
days. A green microcrystalline product was obtained (Yield=38%)

INFRARED. .SPJECIRBK
Inter alia 3573 OH, 3264 NH, 3126 furan, 2881 C«ii-H, 1097 622 CIO*"

ANALYSIS Co2R3F(0H)(C10a )3.2H20
calc : C 34.9 H 5.1 N 10.8 Co 11.35
found : C 34.7 H 4.7 N 11.0 Co 11.50

Û. = 316 ScmFmol-i (549 for 10~^M)

Co^R3F(QH)(CFaSOa)^.2HsQ.
As for the previous experiment except that Co(CF3S03)2 .6H2O
(.2044g, 0.44 mmol) was used. The product was much more soluble than the 
perchlorate derivative and ethanol was required to obtain the
microcrystalline green crystals. (Yield = 57%)

INFRARED SPECIRPS
Inter alia 3558 OH, 3247 N-H, 3160 furan, 2884 C*ii-H,

1262, 1163 1028 CFoSOs,

ANALYSIS Co2R3F(0H)(CF3803)3.2H=0
calc ; C 33.4 H 4.5 N 9.5
found : C 33.0 H 4.1 N 9.7
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EJLJL
[Co=R3F(CF3803)3]+
[Co3F]+
C R3F]

1133
615
569

% BASE ION PEAK 
very weak 

100 
41

ffi2R3F<QH)s><fluB>2.4H2O.
R3F (.Ig, 0.18 mmol) was suspended In MeCN (100ml) at a gentle reflux and a 
solution of N1 (C10A)=.6H20 (.1607g 0.44 mmol) was added. The resulting
solution was stirred for % hour at mild reflux. An excess of PhnB“ in MeCN 
was added. On cooling the volume was reduced, ethanol added and then the 
solution was cooled to -20=C for 24hrs. A powdery product was obtained. 
(Yield = 37%). The nickel complex could not be isolated as the perchlorate 
or triflate derivative.

INFRARED. SPECTRUM
Inter alia 3468 OH, 3265 NH, 3123 furan, 2982 C«ii-H, 734 707 PhaB"

ANALYSIS Ni=R3F(OH)= (Ph^B)2 .4H=0
calc : C 65.5 H 6.9

found : C 65.5 H 6 .6

N 7.9 
N 8 .6

CnzIRSEiGlOalz.
The R3F (.lOg, 0.18 mmol) was suspended in dry and deoxygenated MeCN (80ml) 
at 50“C. Cu^ (MeCN)4.C104 (. 1724g, 0.53 mmol) was added in its solid form.
After % hour at 40-50=C nitrogen was bubbled through the solution to reduce 
the volume. At the first signs of solid the solution was filtered and the 
filtrate cooled in ice. A pale yellow green solid powder was obtained in 
52% yield.

INFRARED .SP̂ TRlffl
Inter alia 3279 N-H, 2850 C«ii-H, 1089 622 ClOa
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ANALYSIS Cu2R3F(C10a)=:
calc ; C 40.3 H 5.4 N 12.6
found ; C 40.6 H 5.4 N 13.0

Q, = 468 ScnPmol-’ (10"^M)

F.A.B. CHR3F3- 569
[CuR3F3 + 632

No ions In M+ région and no [CuzL]+
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THE LIGAND 3P AND ITS CQHPLEIESu.

The préparation of DFP <2,6 diformyl pyridine) has already been discussed 
in the section on ligand VT.

Ba3P(ClQA)2 (TeaplatÆl
DFP (.004mole, .5404g) and Ba(C104)2 <.OOlSmole, .5043g) were brought to
reflux in MeOH (200ml). Tren (.002.mole, .30ml). was dripped into the 
reaction vessel in concentrated form . A bright yellow colour developed 
within 5 mins. and on heating for % hour a solid began to form. This solid 
was removed by filtering and the filtrate cooled and concentrated to give a 
yellow microcrystalline product in 86% yield.

INFRARED SPECTRUM..
Inter alia 3076 C«ro-H, 2854 Cmii-H, 1650 C=N,

1587 (pyridine) 1460 1336 1265 870 820 770 ligand,
1090 622 (CIO4-)

Analysis Ba3P(C10A)2

calc : C 42.8 H 4.3 N 16.6
found : C 42.8 H 4.1 N 16.8

SL = 241 8cm=mol-i (512 for lOr^M)

N M
'H CDsCN R.T. 250MHz

PROTON ppm multiplicity integral no. of protons.
A 8.262 t 4 3
B 7.855 d 8 6

D 8.5397 8 8 6

E 3.68, 3.15* t, d 10,8 12
F 2.58, 3.15* q, d 9,9 12

(a) These two doublets overlap to give a quartet
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E..Ax£
[BaSPCClO^)] 
[Ba3P]

826
727

% BASE PEAK 
100 
37

Sr3P(C10ii)̂ .2HgG (Template)
As for Ba3P(C10*)2 except using Sr(CIOa)^.6H2O (.OOlSmole, .5918g) 
(yield = 79%)

INFRARED. SPECTRgH^
Inter alia. 3533 H2O, 3075 C»ro-H 2852 C«n-H).

1644 C=N 1584 (pyridine) 1457 ligand 1090 621 CIO*.

Analysis Sr3P(0104)2.2H20.
calc: C 43.5
found: C 43.7

4.7
4.5

N 16.9 
N 17.3

Û. = 307 8cm= mol-’ (471 for 10-*M)

NMR.

H RT CD3CÏÏ 300MHz

PROTON
A
B
D
E
F

fppm
8.276
7.86
8.501
3.23, 3.13 
2.497,2.905

multiplicity
t
d
s
t,d 
t, d

integral
10
19
20
41
42

no. of protons.
3
6
6
12
12
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RT CDaCN 300MHz

CARBON
A/B
C
D
E
F

tfppm 
128.7 117.2

166.032 
141.087 
63.909 
58.587

Off Resonance Multiplicity
2 X d 
s 
d 
t 
t

FtA^B^
[Sr3P(C10A>] 
[ Sr3P3 +

775
676

% BASE PEAK 
100 
31

Ca3P(C10^)^.3H^0 (TEMPLATE)
Prepared as for Ba3P(C10/i.)2 but using Ca (CIÔ )̂ :» 6H2O (.OOlSmole . 5205g), 
(Yield = 62%)

INFRARED SPECTRUM

ANALYSIS.

U : 3528 H2O, 3074 C.r=-H, 2854 Cmii-H, 1643 C=N,
1586 pyridine, 1087 1038 621 CIO4-

Ca3P(C10*)23.H2O '
calc : C 44.8 H 5.1 N 17.4
found : C 44.4 H 4.3 N 18.2
calc : C 45.84 H 5.01 N 17.382 for .2H2O

c 46.81 H 4.28 N 18.20 for .IH2O

Ql = 275 Scm= mol"’ (420 for 10“^M)
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xmn H CD3CN RT 300MHz

PROTON fppm multiplicity 
A 8.3 t
B 7.84 d
D 8.5 s
E 3.1 m
F 2.48 t

[Ca3P(ClÜ4.)H2Ü]
[Ca3P(C104)]+
[Ca3P3

% BASE ION PEAK 
746 15
728 100
629 46

HuzSP (OH) 2 .2MeGNi_
Ba3P<010^)2 (0.22 mmol .20%) was dissolved in MeOH (80ml)/MeCN (50ml) at 
room temperature. Solid Mn(C104)z. (0.45 mmol .1646g) was added and this
was stirred at room temperature until it had dissolved. NaNCS 
(1.08 mmol . 0876g) in MeCN (30ml) was slowly added and the resulting 
solution was left to stir at room temperature for 48 hours during which a 
very fine yellow precipitate formed in 16% yield.

INFRARED SPECTRUM
Inter alia 3379 (OH), 3066 (C.r=-H), 2846 (C.ii-H), 

2073 (SON), 1657 (C=N), 1591 (pyridine)

ANALYSIS Mn23P(0H)2.: (SCN)2.2MeCN
calc : C 50.3 H 5.08
found : C 50.30 H 4.95

N 22.55 
N 22.55
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Fe,3P (ClOa), <Ph^B)2 . 3H2Q
Fe(C104)2 .sH=0 <.1567g 0.43 mmol) and Ba3P(C104)= C.2g .2mmol) were
dissolved in deoxygenated MeCN at 40®C. A solution of Ph^B"
(0.864 mmol .2957g) in deoxygenated MeCN (70ml) was added slowly. Ns gas 
was bubbled through the solution until the first signs of solid were 
evident. After filtering q s l 50ml deoxygenated EtOH was added and Na 
bubbling continued until substantial solid was present. This was filtered, 
washed with ice cold EtOH, and dried under nitrogen. The deep purple solid 
was collected in 41% yield.

INFRARED SPECTRHK
Inter alia 3441 HsO, 3051 Caro“H, 2849 C»ii-H, 1647 C=N,

1583 pyridine, 1087 624 CIO*-, 734 705 PhaB-

ANALYSIS Fe23P(C10*)=(PhaB)=.3H=0
calc : C 61.1 H 5.3 N 9.6
found: C 61.3 H 4.6 N 9.3
calc: C 61.7 H 5.4 N 9.78 for 2H=0

F.A.B % BASE ION PEAK
[Fe=3P(PhaB)2]+ 1339 18
[3PPhaB] 907 100

Co3P<Clü^)g.2H2Ü (Transmetal1ation)
Ba3P(C104)a (.20g) was dissolved in MeOH (150ml) before Co (010.4)2 .6H2O
(.2435g) in MeOH (50ml) was added. This gave a reddy brown solution which 
was stirred at 60®C for % hour before NaNCS (.0175g) in MeOH (150ml) was 
slowly dripped in over 1 hour. After a further % hour stirring at 60=C, 
during which the solution became cloudy, it was allowed to slowly cool to 
room temperature during which a reddy brown precipitate formed. The 
microcrystalline product was collected in 39% yield.
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INFRARED SPECTm
Inter alia 3620 3550 H2O, 3081 C«no“H, 2938 2855

C.ii-H, 1654 C=N, 1595 pyridine, 1091 623 CIO4-

ANALYSIS Co3P(C104)=.2E=0

calc : C 44.8 H 4.9 N 17.4
found : C 44.5 H 4.8 N 17.3

SL = 274 Scm^ mol"’

F.A.B % BASE ION PEAK
[Co3PC10a]* 748 57
[Co3P]+ 649 100

[.■Co3P.(QH)2H:Cq<NCS>a3 . 2H2Q
Ba3P(C104)2 (.20g, 0.22 mmol ) was dissolved in MeCN (160ml) at room
temperature. Solid Co(C10*)2 .6H2O (0.45 mmol, .1705g) was added and
stirred at room temperature until it had all dissolved. This gave a reddy
brown solution. NaNCS (1.08 mmol, .0876g) in MeCN (40ml) was slowly
dripped in with rapid stirring. The solution gradually became green and a
green microcrystalline product was precipitated in 46% yield.

INFRARED SPECTRUM
Inter alia; 3445 OH 3063 C«ro-H, 2856 C*ii-H,

2048 SON, 1652 C=N, 1585 pyridine

ANALYSIS [Co3P(0H)2][Co(NCS)a]2H20

calc ; C 41.5 H 3.6 N 19.4
found : C 41.2 H 4.1 N 19.66
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%  BASE ION PEAK 
22 
50 
100 
28

F.Ai.B
[BaSPClO*] 826
[Ba3P]+ 727
[Co3P]+ 648
[Co3PNCSr+ or [Co=3P]+ 706

Insoluble in MeCN therefore no conductivity result.

NH^3P(NCS)3(GH>2H2fl (TRANSMETALLATION)
Ba3P(C104)=(.40g, 0.43 mmol) was dissolved in MeOH (200ml) - this required 
warming. On cooling to room temperature a solution of Ni(C10a)= 6HsO
(.4200g 0.125 mmol) in MeOH (80ml) was added. This solution was stirred
for 10 mins before NaSCN (.15g 3.8 mmol) in MeCN (50ml) was slowly dripped 
into the solution. After a 6 hour stir at room temperature, during which a 
yellow green microcrystalline precipitate was formed, the solution was 
filtered: Concentration of the filtrate and 36 hours at -20=C yielded a
second batch of the yellow product. (Yield 57%)

TNPRARED SPECTRgM
Inter alia 3430 OH, 3058 Caro—H, 2849 C«i± H,

2095 SCN, 1658 C=N, 1594 pyridine,

ANALYSIS Ni3P(NCS)3(0H)2H=0
calc: C 46.3 H 4.7 N 21.0

found : C 46.9 H 4.6 N 21.1

Insoluble in MeCN therefore no conductivity measurement.



Experimental - Ligand *3P* Psge 98

fflzSF <CXQit>2 <0H>22H2Q
Ba3P(C104)z (0.92 mmol . 2g) was dissolved in MeOH (80ml) - this required 
heating. Once cooled to room temperature a methanolic solution (50ml) of
#1 (010^)2 6HsO was slowly added to it. After a 3 hour stir at room
temperature during which a feint cloudiness appeared the solution was 
filtered and then kept at -20°C for 48 hours. A yellowy green powder was 
collected in 47% yield.

INFRARED SPECTRA
Inter alia 3548 OH, 3600-3000 H=0, 3082 C*r=-H, 2862 C*ii-H,

1656 C=N, 1596 pyridine, 1092 622 CIO4-

ANALYSIS Ni=3P(C104)2 (OH) 2 2H=0
calc ; C 40.6 H 4.6 N 15.8
found : C 40.6 H 4.2 N 15.6

F.A.B % BASE ION PEAK
[Ni3P] 647 100
[Ni3PC104]+ 746 70
[Ba3PC104]+ 826 13
[Ba3P]+ 727 9

2E
DFP (0.9 mmol 1.2159g) was dissolved in MeOH (150ml) at 60=C. A methanolic 
solution of tren (.006mole in 100ml) was added in a dropwise fashion and 
the resulting solution stirred for 1 hour at 50-60=C. On cooling the 
solution was filtered and MeCN (30ml) was added before taking the volume 
down to ca. 50ml*. This was left in a beaker in a well ventilated area, to 
evaporate. This yielded a clean crystalline product (56% Yield). The
cube-like crystals were of X-rayable size.

* On reduction of the volume a thick orangy brown gel may form. If so add 
more MeCN and =30ml H2O : leave to evaporate or reduce in volume. This 
should give a crystalline product.
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IHFRASED. SPEQTEHH
Inter alia 3055 C»ro"H, 2884 2834 2887 1647 C=N,

1583 pyridine, 3286 1569 1453 1432 1329
1065 1035 919 803 740 626 555 ligand

AFALYSIS 3P (Cas Has H,i> 
calc ; C 67.2
found : C 67.4

6.6
6.6

ÏÏ 26.1 
H 25.9

'H CDaCl 250 MHz RT

PROTOF fppm multiplicity integral no. of protons
A 7.81 t 12 3
B 8. 12 d 23 6
D 7.59 B 23 6
E 3.56 s(br) 44 12
F 2.76 s(br) 43 12

CDaCl 300MHz

CARBOF fppm off resonance multiplicity

A/B 132.797, 117.677
C 159
D 150.375
E 56.132
F 52.806

2 X d 
s 
d 
t 
t

MASS SPEC M+ 590 (100%)
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Fe^3P(ClQ^)r.QH.4H^Q (INSERTION)
3P (.Ig, 0.17 mmol) was suspended in deoxygenated MeCF (80ml) at 40=C. The 
Fe(C104)=6%20 (.1848g 0.51 mmol) was added in solid form and the resulting 
deep purpley/black solution stirred for 20 minutes at 40°C. The volume of 
solvent was gradually decreased by bubbling Fz gas through it. At 
approximately % volume the solution was filtered before deoxygenated EtOH 
(=20ml) was added. The flask was placed in ice and the bubbling continued 
until signs of solid. The flask was kept under a Fz atmosphere while the 
solid formed. This was collected and dried. (Yield = 74%).

IBFKAEED SPECISffll
Inter alia 3419 OH, 3600-3000 H=0, 2920 Cmii-H,

1632 C=F, 1607 pyridine, 1089 625 C10^“

AFALYSIS Fe=3P(C10a)3(0H).4H20
calc : C 36.4 H 4.5 F 14.1
found : C 36.0 H 4.6 F 14.0 ,

F.A.B % BASE IGF PEAK = 309
[Fe=3P(ClÜA)=0H] 919 14
[Fe3P3 645 21

Cu?3P(C10a>2,2E2Q
3P (.2mmol .1178g) was dissolved in deoxygenated CHaCla (30ml). A solution 
of Cu:(FeCF)aC104 in deoxygenated MeCF (20ml) and deoxygenated EtOH (20ml) 
was added. After full development of the dark brown colour the volume was 
reduced on the rotary evaporator to ca. 20ml. This gave black crystals of 
the titled compound in 53% yield.

IFFRARED SPECTRUK
Inter alia 3435 H=0, 3070 C«ro-H, 2921 2868 C«n-H, 1635 C=F,

1587 pyridine, 1556 ligand, 1091 622 C10a“
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AFALYSIS Cu=3P(CIO*)=2H=0

Page 101

calc : 
found :

C 41.66 
C 42.21

H 4.55 
H 4.46

F 16.19 
F 16.09

a = 411 ScnP mol" (10-^M)

E M

PROTOF tfppm multiplicity integral no. of protons
A 8.148 s(br) 19 3
B 7.88 d(br) 36 6
D 8.549 s 36 6
E 3.189 s(br) 74 12
F 3.133, 2.6 d(br), t(br) 35, 36 12

m s .

As no metal-1igand species, suitable for reduction, could be formed in high 
enough yield, reduction of the isolated ligand or the in situ method was 
used.

II..SITn..BEIHQD.
DFP (.009 mole, 1.2159g) was dissolved in MeOH (200ml) at 50=C and the
concentrated amine, tren, (.OOômole .90ml) dripped in. This gave a pale 
yellow solution which was stirred at 50°C for 1 hour before the heat was
increased to bring the solution to reflux. Then a large excess of FaBH*
was added in its solid form in small amounts. The solution was left
refluxing for 4 hours and then allowed to cool to room temperature. Some
more FaBH* was added and the solution left -to stir overnight at room
temperature. It was then worked up in the standard way to give a creamy
coloured solid in 47% yield.
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IFFRARED SPECTRUM.
Inter alia 3327 F-H, 3057 Cmr=-H, 2957 2873 2834 C«ii-H,

1590 pyridine, 1572, 1447, 1331, 1151, 1137,
1040, 1030, 781, 758, 735

AFALYSIS R3P.2H=0 CssHssFiiOa 
calc : C 62.14 H 8.69 F 24.15
found 11 C 62.49 H 8.9 F 23.4

5 M

' H CDCls RT SOOFBz

PROTOF tfppm multiplicity integral no. of protons
A 7.08 s 5 3
B 7.52 s 9 6
D 3.89 s 22 12.
E 3.19 s(vbr) 23 12
F 2 .65 s 25 12

’®C CDCla RT 300MHz

CARBOF (Jppm off resonance multiplicity
A/B 116.897, 132.886 2 X d
C 155.424 s
D/E 51.085 51.726 2 X d
F 43.577 t

«ASS..SPEC.
602 (100%)
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Agg2F(CFaSQ3)2.lfeCS
This complex was formed completely by accident and unfortunately has not 
been synthesized again. Below is the prep. I 'think' I 'followed' -
however being the first day back after Christmas it is quite likely I did 
something different! The aim had been to obtain the Ag"** salt of this
ligand (Lehn had achieved this with the same ligand^) - this has eluded me!

AgFOs (.002mole, .339g) was warmed in MeOH (200ml) and the DFP
(.003 mole , . 4053g) and tren (.002_ mole, .30ml) each in MeOH (50ml) were
added simultaneously. The resulting bright yellow solution was stirred at 
40°C for 3 hours. It was then reduced in volume and divided into 2 lots of 
12ml. To one was added 12ml MeCF containing an excess of the CFsSOs"" ion 
and to the second, an excess of the hexaflurophosphate (PFe") ion again in 
MeCF (12ml). Both were left to slowly evaporate. The PFs“ beaker gave an 
oily mess whereas a small number of yellow crystals of X-rayable size were 
obtained from the triflate beaker (Yield = 26%)

IBERARED-SPEQim
Inter alia 3318 3275 FĤ , 3179 ligand, 3072 Ĉ r-o-H, 2894

2816 Cmii-H, 2396 2318 MeCF, 1655 1644* C=F,
1589 pyridine, 1272 1163 1029 CF38O3-.

* split amine.

AFALYSIS Ag32P(CF3S03)=>MeCF
calc : C 34.5 H 4.0 F 14.7
found : C 34.7 H 4.1 F 14.4

F.A.B %BASE lOF PEAK
[Ag22P(CF3803)]+ 855 100
[Ag2P]+ 597 97
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2,6,-DiacetyI pyridine QFP)
This was obtained from the Aldrich Chemical Company Ltd and used without 
further purfication.

IBFRAFED. SFECIRIM
Inter alia 3380, 3070, 2970 1705, 600  <cm-M

Although I have been unsuccessful in re-obtaining the open chain derivative 
of 3P where DFP is the head unit dialdehyde, the open chain of 3P where DAP 
is the head unit dialdehyde would appear to be more accessible. 
Unfortunately I have only appreciated the significance of this whilst 
writing up the thesis and I hope the following preparations will be 
reinvestigated in the future.

Aga2FcH3(PFs)2t(HsCF)/Agz2FcHa(CFaSQa)2
This reaction was a total mistake as well - I should have used DFP but 
instead used DAP. Again this was the first day back after Christmas!

AgFOs (.004 mole, . 6795g) was heated to 50°C in MeOH (60ml). DAP 
(.006 mole,.8107g) in MeOH (20ml) and tren in MeOH (20ml) were added 
simultaneously over 20 minutes. The resulting yellow solution was stirred 
at 40=C for 3 hours. On cooling the volume was reduced and divided into 2 
lots of 16ml. To one an equal volume of MeCF containing excess CFoSOs" ion 
was added while to the other an excess of PFs“ ion was added again in an 
equal volume of MeCF. Both were left to evaporate slowly in the fume 
cubboard. Both gave crystalline products in 40-50% yield.

o
Agz2PcH3(PFs)2(f KsCFL

IFFMEED..SP£Cim
Inter alia 3 3 9 0  3 3 3 0  FH=, 3 1 0 5  C * r = - H ,  2 9 6 4  2 8 8 5

2 8 2 4  C m ii - H ,  2 2 3 0  MeCF 16 4 1 , 1606  C=F,
1583  pyridine, 1 4 5 6  1301  9 7 9  ligand 8 4 0  PFs'
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AFALYSIS Ag=2PcH3(PFe) = <MeCF?)

Agz2PcH3 (PFe)2  

Ag22PcH3(PFe)sMeCF
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found : C 34.3 H 4.4 F 14.4
calc : C 34.4 H 4.4 F 13.4
calc : C 35.1 H 4.5 F 14.1

EJLE
C Ag22PcH3PFs]
[ Ag22PcH3]
[ AgSPcHs]

907
762
653

%  BASE lOF PEAK 
16 
34 
100

AgzSEcHs (CFaSQa) 2

laFSAKED.SPFQTRiai 
Inter alla: 3365 3298 FH, 3111 C«ro-H, 2984 2856 C«.ii-H„ 1644

1610 C=F, 1592 pyridine, 1284 1172 1028 CF38O3-

AFAT.YSTS A gz2P cH 3(C F3803)2  

calc : C 36.1
found : C 35.6

4.4
4.5

F 13.2 
F 13.4

F-,.A.£
[Ag22PcH3Cp3803] 
[Ag22PcH3]
C Ag2PcH3]

911
762
653

% BASE lOF PEAK 
24 
39 
100

Ba2£cM3-(C10A ) 2.
Ba<C10*)2 (.001 mole, .3362g) and DAP (.001 mole, .1632g) was dissolved in 
MeOH (100ml) and heated to reflux. The amine (.003 mole, 0.4387g) was 
added in undiluted form. The resulting solution was refluxed for 3 hours 
during which there was a colour change from colourless to yellow. On 
cooling the reaction vessel was placed in ice and left overnight. A white 
microcrystalline product was collected in the morning. The filtrate was 
concentrated and left in ice and this gave a 2nd batch (Total yield = 89%)



Expérimental - Ligand *3P* Page 106

IFFRARED SPECTRUM
Inter alla 3360 3236 FH=, 3080 C . r = - H ,  2924 2886

2852 Caii-H, 1625*, C=F, 1578 pyridine 1080 626 CIO*-

* shoulder/splitting

AFALYSIS Ba2PcH3<C10*>2
calc : C 40.8
found : C 40.8

H 5.3 
H 5.3

F 15.8 
F 15.6

E.A.B
[Ba2PcH3(CIO*)3 
[ Ba2PcH33

782
6 8 1

% BASE lOF PEAK 
100 
681
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THE LIGAHD 38 AITO ITS COXPLEE^

2,5 - PlforBtyl thiopheae <P£T1
This preparation was carried out by a similar procedure to previous 
Eethods<s,G), The preparation of a stock of this starting material by 
Clarke Stevenson is gratefully acknowledged.

A stream of dry hydrogen chloride gas was passed through a stirred solution 
of 37% formaldehyde (2mole) and hydrochloric acid 10% (36ml) allowing the 
temperature to rise to 50-60=C; after 2 hours the solution was saturated. 
The mixture was cooled to 3C°C, and thiophene (O.ômole) was added dropwise 
with stirring. After 20 mins the oily layer was siphoned off and washed 
with cold water (5x35ml) and refrigerated overnight. The solid mass was 
allowed to warm to room temperature, filtered under vacuum, washed with 
toluene and dried in vacuo to yield the light brown solid, 2, 5-bis- 
(chloromethyl) thiophene in 75% yield. This was used in the next stage 
without further purification.

The 2,5-bis-(chloromethyl)thiophene (63g), pyridine (74ml) and absolute 
ethanol (70ml) were warmed gently on a water bath. After 20 mins a white 
solid precipitated. Heating was continued for 30 mins and then the 
precipitate was collected, washed with ether and recrystallized from 
ethanol to give the pyridine adduct in 96% yield.

The pyridine adduct (61g) was dissolved in ethanol (11) together with p- 
nitroso-H,% dimethyliline (50g). A solution of sodium hydroxide (13g) in 
water (300ml) was added while the mixture was being ice cooled. After 
stirring for 1 hour, then warming to room temperature and stirring for 2 
hours, the mixture was diluted with water (600ml) and allowed to stand 
overnight. The red precipitate was collected and recrystallized from 
ethanol to give the nitroso adduct in 70% yield.

The nitroso adduct (50g) was added to ice cold hydrochloric acid 2% (11) 
and the brownish solution was stirred for 30 mins during which time a
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yellow precipitate was formed. The mixture was allowed to stand for 2 
hours at room temperature. The solid was collected, washed with cold 
water, dried and recrystallized from ether to yield pale yellow platelets 
of 2,5- diformylthiophene in 80% yield.

IHFEAEED. .SFECTRHH
Inter alia 3070 Cmr=-H, 2880 1660 C=0

1520, 1380, 1185, 820, 720, 680, 480cm“’

AIALYSIS Cs H* 0= 8
calc : C 51.4 H 2.9
found : C 51.7 H 2.8

'H CDCla RT 250 HHz

PEOTOff fppm multiplicity integral 
A 7.8 S 2
C 10.0 S 2

HASS SFECTRÏÏK M- = 140 

AgzS.S (CFaSQa). 2 .
AgEOs (.002mole, .3398g) was dissolved in MeOH (100ml) and warmed to 40°C. 
DPT (.003mole, .4023g) and tren (.002 mole, .3ml) each in 50ml MeOH were
added simultaneously, but with the DPT solution at a slightly faster rate 
to prevent formation of the silver-tren complex. This solution was stirred 
at 40-50°C for 2 hours during which the brown solution gradually turned 
yellowy green. On cooling, the solution was filtered and reduced in volume 
to ca. 40ml. An equal volume of MeCM containing a large excess of lithium 
triflate (.Olmol) was added. The solution was left to evaporate slowly in 
a fume cupboard.
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MOTE 1: the container was surrounded in tin foil to prevent photo
decomposition of the silver complex. numerous pin-prick holes in the top 
of the foil allowed evaporation. Yellow crystals of X-rayable size were 
obtained in 81% yield.

nOTE 2; the temperature of this reaction is important - above 40=C a 
silver mirror is obtained .

IHFRARED SPECTRTJIC
Inter alia. 3076 C^ro-H, 2854 Caia-H, 1635 C=n,

1262, 1153, 1028 CFsSOs".

AFALYSIS Ag=3S(CF3803)=
calc : C 3.3
found : C 3.2

3.2
3.3

n 10.1
n 10.4

Û. = 259 Scm^ mol"’

EiAÆ
[Ag=38(CF3803)] 
[Ag 38] +

969
711

% BA8E lOn PEAK 
67 
100

'Hnmr 294K CDsCF 360MHz

PROTOF 6ppm
A 7.64
C 8.67
D 3.45 3.79(v,br)
E 2.90 2.89(sl,br)

multiplicity
s
d
d
d

integral
20
20
41
40

no. of protons
6
6
12
12
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CDaCF 90MHz -

CARBOF (fppm off resonance

A 135.2 d
B 141.8 s
C 159.1 d
D 59.2 t
E 54.5 t

AgzSS(0 1 0^)2

DFT (.OOlSmol .2102g) and AgClOa (.5 mmol . 1037g) were warmed to 40=C in 
MeOH (200ml) giving a browny black solution Tren (.001 .15ml) in MeOH
(100ml) was warmed to 30=C and added over 45' minutes. The solution became 
yellowy green. Once all the amine had been added the heat was switched off 
and the solution allowed to cool to room temperature. On cooling the 
solution went cloudy and a green fine precipitate formed. This was 
collected and the filtrate reduced in volume and placed in a freezer at - 
2 0 ° C  for 24 hours. A yellow powdery precipitate was collected. Both the 
green and yellow product analyzed as the titled compound (Total yield = 6%)

MOTE:- The entire reaction, should be carried out in a blacked out vessel. 
Perchlorate is not as effective a counter ion as triflate - pulling out the 
product too rapidly. The yield and quality of product is significantly 
poorer than the triflate reaction. The competing silver-tren (amine) 
complex forms very rapidly so it is important to have all the dicarbonyl in 
the reaction vessel before the amine is added, Therefore the procedure is 
different to that of the triflate reaction and a larger volume of MeOH is 
required.

IHFEAREP SPECTRUM
Inter alia: 3085 C«,ro-H, 2912 Cmii-H, 1634 C=M,

1089, 622, CIO4-.
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A F A LY S IS  A g = 3 8 (C 1 0 a )=

calc : C 35.2
found ; C 34.9

3.6
3.6

N 11.0 
N 11.1

F.A.B
[Ag=38(C104)] 
[Ag 383 +

919
717

Û. = 276 8cm^ mol"'' .

Cuz3S (CXQa ) 21.
METHOD A:- Agz3 8(CF3803)2 (.0087 mole .lOOOg) was dissolved in MeCH (50ml)
and warmed to 40^0. Cu(C104)z .6H2O was added as a solution (50ml Me CM)
and the resulting green solution stirred for % hour at 40°C. • On cooling, 
EtOH (30ml) was added and the solution concentrated before being left at 
-20=C for 12 hours. Alternatively after the EtOH had been added the 
solution was left to evaporate slowly. Both methods gave an orangy red 
microcrystalline product in 40-55% yield.

METHOD B: - Ag23S(CF3S03)2 was dissolved in degassed acetonitrile and
warmed to 40‘=C. Cu(MeCM)*cioa was added in its solid form. After % hour 
at 40=C EtOH was added and the solution concentrated by bubbling Mz through 
it until the first signs of solid. The flask was then placed in an ice bath 
and a red orange microcrystalline product was collected (30% Yield)

The solution is stable in air and thus later attempts allowed use of the 
rotary evaporator as the means of concentrating the solution.

IBEEAREP-SFECTRPg
Inter alia 3085 C . r = - H ,  2918 2851 C . i i - H ,  1627 1610 C=M,

1089 622 CIOa-,
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BIMMTAL  M A L Y S IS ,

calc : C
found : C

û. = 283 Scm=̂ 2HDl“^

' H CDoCir 294k 400MHz

PROTOM

A
C
D
E

ppm
7 . 6

8.6 
3 . 7 - 3 . 5  

3 . 0 , 2 . 8

multiplicity
m
m
m
m

E 2 S

AgaSSCClO^.)^ (.80g .78nffliGl> was brought to reflux in EtOH (300ml). A large 
excess of solid MaBH/t (.Ig 2 mmol) was added In small portions. The 
resulting suspension was refluxed for 3 hours. On cooling it was filtered 
to remove the Ag before being reduced to dryness. It was then worked up as 
in the case of R3Bm. This resulted in a cream white solid (=55% yield)

IIERARED. SPECTRTO

Inter alia 3 3 3 6  IH, 3 0 4 6  C . r = - H ,  2 7 8 4  C«ii-H, 1 4 5 0 , 1 1 1 4 , 1081  

1053  8 0 3  7 0 8  ligand

A IA L Y S IS . R 38

calc : C 58.40
found : C 58.15

7 . 8 4

7 . 3 6

M 18.16 
H 18.47

HASS SPEC

M-̂ - 6 1 7 (100%)
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igure 1
Binuclear Site Enzyme Function

Cu Cu Haemocyanin rev. O2 carrier,
Cu Cu Tyrosinase monooxygenase,
Cu Cu Laccase oxidase.
Cu Cu Ceruloplasmin oxidase.
Cu Cu Ascorbate oxidase oxidase,
Cu Fe Cytochrome-c-oxidase electron transport,
Cu Zn Superoxide dismutase O2 ~ disproportionation.
Fe Fe Haemerythrin rev. O2 carrier.
Fe Fe Rubredoxin O2 transfer in photosyn.
Ca Ca Thermolysin . structural.
Mo Mo Nitrogenase 6-e reduction of 

N2 - 2NH3 .

active site of Laccase

HO
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active site oi cyto-chrome-c-oxidase
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active site of superoxide dismutase
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UTEQUnCIJQI

Over the last 25 years there has been a rapidly growing interest in 
binuclear metal complexes because of their potential as models for that 
group of metalloproteins for which the biological function is known or 
believed to be assocated with the occurance of the metal centres in pairs. 
From the table in FIG. 1 it can be seen that prominent among the natural 
systems are copper containing proteins<i>. FIG.2 shows the active sites of 
some of these systems. It has been the aim of many research groups to 
mimic these systems by means of models incorporating the relevant 
functional groups held in suitable geometrical arrangements. Although 
these synthetic models cannot replicate all the physical and chemical 
properties of the natural systems much can be learned about the chemistry 
of the active sites from a study of model compounds. Molecular systems 
having two or more redox active metal centres in close proximity capable of 
co-operative interactions are also of interest in relation to their 
potential as catalysts for non-biological substrate oxidations particularly 
in reactions requiring multi electron transfer<^>.

In recent years much work has been directed towards the design and 
synthesis of ligands capable of holding 2 metal cations at
separations (=2.5-6.0A) which are subject to control by appropriate 
modification of the molecular topology. Alteration of the metal.... metal 
separation and the number, nature and disposition of the donor atoms allows 
the study of those physical and chemical properties (spectroscopic, 
magnetic and electrochemical) which may depend on the binuclearity of the 
system<3), in particular the possibility is offered of the binding and 
activation of small substrate molecules and ions between the metal centres 
and the investigation of the structural and physio-chemical host -guest, 
receptor-substrate relationships.

As has been observed already the copper ion is involved in a wide range of 
biological processes. The increasing sophistication of analytical 
techniques has played an important role in elucidating the nature of the 
active site of copper proteins. From these spectroscopic studies on copper
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centres in various proteins the copper ions have been classified into 3 
categories, types 1, 2 and 3, based on spectral properties of the metal.

TYPF 1 COPPER <"BLim-COPPER CENTRES")

These intensely blue (for copper) species exist in an unusual non planar 
(tetrahedral) co-ordination geometry of two thioether (cysteine and 
methionine) and two unstaturated nitrogens (histidene). They can be 
characterized by
1) an intense absorption near 600nm (6=4000#"' cm"')
2) an esr spectrum with unusually small hyperfine coupling constants 

An «100G)
3) a high positive redox potential for the Cu=+/Cu+ couple, reflecting 
appreciable stability of the Cud) site.

R.M.R reveals the active site to be relatively inaccessible to solvent 
molecules<^>.

TYPE 2 COPPER

This copper centre is present in all blue multicopper oxidases. They have 
spectroscopic properties similar to simple copper (11) complexes and 
exhibit normal esr spectra.

TYPE 3 COPPER (ESR non-detectable)

This site is also present in all multicopper oxidases. It is characterized
by -
1) the occurrence of two copper ions in close proximity.
2) the absence of an esr signal due to strong antiferromagnetic coupling 
interactions.
It can thus act as a 2 electron donor/receptor and is essential to the 

J reduction of dioxygen. The type 3 site also exhibits an intense 330nm
absoption. (6=3000-5000)
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Structures of copper proteins containing only one of the different types of 
copper are known: Plastocyanin has a 'blue' type 1 copper, which is co
ordinated to 2 histidine residues and the sulphur atoms of cysteine and 
methionine in a distorted tetrahedral geometry‘s(FIG. 2) . The mixed zinc- 
copper enzyme superoxide dismutase contains a type - 2 copper(11) site 
which has 4 histidine ligands with slightly distorted square co-ordination® 
(FIG.2). This enzyme combats the potentially toxic effects of superoxide 
ions by catalysing the dismutation of the anion to diobxygen and hydrogen 
peroxide.

2 Os" + 2H'''-- >0s + HsOs

Haemocyanin (discussed in detail later) of Panulirus interruptus 
contains a type-3 pair of copper ions in an environment of 6 histidine 
ligands®. Tyrosinase is a mixed function oxidase which catalyses the 2- 
electron oxidation of o-diphenols to o-quinones and the monooxygenation of 
phenols to o-diphenols. It contains a binuclear type 3 copper active 
site'® which is very similar to that found in haemocyanin.

THE-ELnE..CQP.PER OXIDASES.

The blue copper oxidases, which contain all three copper(11) types, are 
laccase, ceruloplasmin and ascorbate oxidase.

Laccase is the simplest of the blue oxidases, containing one each of type 
1, 2 and 3 copper sites. The type 2 and 3 sites in laccase lie close
together and there is a strong dépendance of the geometric and electronic 
structure of the type 2 copper (11) on the oxidation state of the type 3 
copper centre. Studies on the binding of small anions to laccase suggest 
that a type 2 - type 3 trinuclear copper active site may be active in the 
irreversible binding and multielectron reduction of dioxygen to water<''>. 
It is possible that the trinuclear copper. cluster contributes to oxygen 
reduction by providing rapid three - electron transfer that would 
irreversibly break the 0-0 bond<''>. The structure and nature of the 
copper active sites in ceruplasmin have not yet been fully established
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although the enzyme is thought to have seven copper atoms per mole, with 
two type 1, one type 2, and 2 pairs of type-3 copper sites<T=-i^),

Sophisticated work by Huber<i^>, for which he received the Nobel Prize for 
Chemistry(1988), on the blue oxidase - ascorbate oxidase, has shown that 
type-2 and type-3 copper centres may work in unison to achieve the 
reduction of .dioxygen. Ascorbate oxidase is a polypeptide of 553 amino 
acid residues folded into 3 tightly associated domains'̂  It is a dimer
in solution although the functional unit is the monomer. In domain 3 of 
ascorbate oxidase a copper ion is found in a strongly distorted tetrahedral 
(approaching trigonal pyramidal geometry) co-ordination with the ligands 
His, Cys, His, Met (FIG. 3-1). A trinuclear site is enclosed between 
domains 1 and 3 (FIG.3-2). Four (-His-X-His-) amino acid sequences provide 
the 8 histidine ligands. The trinuclear copper site contains a pair of 
coppers each with 3 histidyl ligands, forming a trigonal prism. It is a 
type-3 copper pair. The remaining copper has 2 histidyl ligands and is a 
type-2 copper. The trinuclear copper cluster is the site where dioxygen 
binds although the structure, including the presence of exogenic ligands, 
still requires full clarification. The close spatial association of the 3- 
Cu ions in the cluster, as in the laccase system, suggests facile electron 
exchange. The cluster serves as an electron storage site and may function 
as a co-operative three electron donor for the oxygen molecule to 
irreversibly cleave the 0-0 bond. The distribution of the redox centres as 
mono and trinuclear sites may also be found in the most complex oxidase - 
cytochrome oxidase'^

Polynuclear copper(11) complexes are the best systems to establish magneto- 
structural correlations and to test the existing models for describing the 
nature and the intensity of the exchange interactions between paramagnetic 
c e n t r e s . T h e  understanding of these interactions in dinuclear and/or 
oligonuclear species form provides background necessary to the design of 
syntheses of more complex systems with unusual magnetic properties. 
Anisotropic exchange has been widely studied in the last few years since it 
allows one to estimate exchange interactions between ground states and 
excited states'^. The interactions in copper(11) couples determine, 
together with direct magnetic interactions, the zerofield splitting of the
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triplet state arising from the isotropic exchange interaction and can in 
principle give measurable effects in the electron resonance spectrum (see 
Appendix 2)

The magnetic exchange interactions in binuclear copper(11) complexes occur 
very often via bridging ligands, A great amount of reported work in this 
area is available and concerns 2 kinds of bridged compounds; those with 
short intercationic distances which have one or two mono-atomic bridges and 
those complexes with long intercationic separations 04A) corresponding to 
bimetallic compounds containing polyatomic bridges. The bridging group can 
be of an intramolecular source where it is referred to as an endogenous 
bridge. This can be monatomic or polyatomic in nature. Alternatively it 
can be a small molecule or ion which does not form part of the framework of 
the complex. This is an exogenous bridge which again can be monatomic or 
polyatomic.

Sone natural systems exhibit both types of bridging and thus Kahn has used 
variations of the molecular structure shown in FIG.4 to study the magnetic 
properties of copper(11) binuclear compounds with 2 dissimilar 
bridges<=o-23)_ One of the bridges is an endogenous phenolato bridge and 
remains constant, the other is an exogenous bridge eg. hydroxo, cyanide or 
cyanato. Results showed that the p-azido compound is less
antiferromagnetically coupled than the p-hydroxo (irrespectivce of 
structural detail) This is consistent with the fact that azido, ITa", tends 
to exert a ferromagnetic contribution when bridging in an end-on fashion 
owing to spin-polarization effects discussed later. Replacing RRs by SRs in 
the lateral bridging chain, R-Y, increases the magnitude of the 
antiferromagnetic interaction substantially, which shows that any kind of 
magneto structural correlation should exclusively concern series of related 
compounds in which the metal ions are surrounded by the same bridging as 
well as terminal atoms. Finally results seemed to Indicate that as the 
bridging angle increases the value of -J increases, not only for X=OH?^ but 
also for Rs" and OCR".

McKee has reported a potentially octadentate macrocyclic ligand<=s) FIG.5-1 
which is capable of providing endogenous alkoxy and phenoxy bridges and a
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CuCû Cu .Cu
PY

PY PY
PY

Fig. 6-2



A SACSOCYCLIC STUDY

potentially hexadentate llgand/^^.a?) offering alkoxy endogenous bridging 
facilities. FIG,5-2. The latter forms tetramanganese (11) complexes which 
in the presence of azide or chloride ions the 4 manganese (11) centres are 
bridged by both ligand alkoxides and chloride or azide groups FIG.5-3. 
This model is interesting since the biological active site of the 
photosynthetic oxygen-evolving complex*̂  is now generally believed to 
contain four manganese ions bridged by oxygen donors<=s,3o>, if the central 
chloride or azide ligands could be replaced by hydroxide or water, the 
resulting complexes could constitute a model for the first step of dioxygen 
production. This reaction type has been found in the FenCOH)^ cores of 
models prepared by Lippard etal<^'^.

Karlin has been interested in the binding, interaction and subsequent 
reactivity of dioxygen (Oz) at copper ion centres in the enzymes 
haemocyanin (He) which transports Oz, the monooxygenases, tryrosinase and 
dopamine hydroxylase which incorporate oxygen (from O2) into organic 
substrates. For many years it was believed that the copper(11) ions in 
oxyhaemocyanin resided in a ligand environment composed of 3 imidazole 
nitrogen atoms - derived from histidine residues, a bridging dioxygen 
ligand and an endogenous bridge*-^^^. This endogenous bridge was believed 
to mediate the very strong antiferomagnetic (J< -500cm”'') spin exchange 
interaction between the metals which resulted in a pair of diamagnetic 
copper ions.33. The source of this endogenous bridge was attributed to an 
oxygen atom derived from hydroxide, phenoxide, carboxylate or a tyrosinase 
residue. Lack of enhanced tyrosinase in the resonance Raman experiment^*
indicated there was no tyrosine residue present in the immediate vicinity.
X-ray structures on the haemocyanin of the spiny lobster, R.̂hUlir.US. 
interruptus shows that the two cuprous ions in this deoxy-Hc are each co
ordinated to 3 imidazole (histidine) nitrogen ligands in a hydrophobic
environment, with Cu....Cu of 3.7 ± 0.4 Â FIG.6-1, and no bridging
ligand with the nearest tyrosine about 10.6A distant. The reaction with 
oxygen occurs via an inner sphere redox process to give oxy-Hc containing a 
dinuclear Cu(ll) centre and a coordinated peroxo (Oz^”) ligand. Karlin used 
a tyrosinase-like reaction to synthesize a phenoxo bridged tetra 
coordinated dicopper (I) complex which gave dicopper (II) complexes 
(Fig.6-2). This reacts at low temperatures in methylene chloride solution
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with 1 equivalent of dioxygen to give an intensely purple coloured dioxygen 
adduct. The binding of oxygen is reversible and can be followed
spectrophotometrically. The dicopper(1) complex also forms bis-adducts 
with the typical Cud) specific ligands CO and PPhs. These complexes can 
also be formed by displacement of oxygen when the dioxygen complex is 
directly reacted with either CO or PPhs lending further support to the 
existence of the reversible equilibrium?^. Kinetic and thermodynamic 
studies have subsequently been carried out<3s> which again support the idea 
of reversible binding of oxygen. Comparing the rates of reaction to a 
system where the phenoxy bridge is absent indicates that forcing the two 
Cud) ions into close proximity by the presence of a bridging phenoxo 
ligand causes a dramatic enhancement of the reaction rate with dioxygen®®.

Other groups have, in recent years, reported biomimetic models for 
haemocyanin (and other enzyme systems) based on endogenous/exogenous 
bridging ligands. These include 8tephan<®®> FIG.7-1, 8orrell<**) FIG.7-2, 
Murray (type 3, Depleted Laccase Active site)^^ FIG.7-3 and Latour<*®> 
FIG.7-4.

Fenton et al have published a series of papers on complexes of Schiff-base 
ligands providing endogenous bridges Most recently he has reported
the synthesis of a series of C1+13C2+23 oxa-aza macrocycles^®^ derived from 
the non template condensation of 1,5-diamino-3-pentanol and acyclic 
dialdehydes followed by in situ reduction with tetrahydroborate FIG. 8 
Examples of some other ligands prepared by the Fenton group providing 
endogenous bridges are given in FIG.9. Many of these ligands, bearing 
endogenous bridges, have been used to prepare heterobinuclear complexes 
containing uranyl ( V I ) a n d  they have obtained interesting results 
with uranyl(VI) compounds containing U-SRa and UPRz bondings using 
potentially pentadentate Schiff bases of the type in FTG.10<*®'^^> and they 
also investigated the interaction of various acyclic and cyclic ligands 
FIG.11 with uranyl(VI), copper(II) and nickel(II)ions^4®>

Catechol is a two electron reducing agent whose oxidation to quinone Fig.12 
is catalysed by Cu(II)<*®'®*> and in particular by binuclear copper
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systems®^. There have been several reports on synthetic macrocyclic and 
cryptand catecholate siderophores with endocyclic donor groups-̂ -' 
Kartell has synthesized 2 new macrocyclic ligands containing bidentate 
endocyclic catechol donor g r o u p s,FIG. 13, which differ in ring size.
Both species are effective at binding Fe(III) at physiological pH although
their stabilities are much lower than that of enterobactin. This is 
because the ligands cannot conform to the octahedral co-ordination sphere 
of the metal ion without considerable twisting of the connecting bridges 
between the bidetate donor groups. Que<ss> has used trianion tripodal 
ligands FIG.14-1 as functional models for catechol-1,2-dioxygenase. 
Reinhoudt has introduced an intramolecular acidic group into the 
macrocyclic cavity for the complexation of urea<sG) FIG.14-2, - 14-4 and 
has formed heterobinuclear complexes with some of the above ligands with 
both a cavity suitable for complexation of transition metal cations and a 
cavity for complexation of Groupl and II metal cations'-®'̂  ̂ FIG. 14-5. 
Kim u r a has synthesized intraanular phenol containing polyamines FIG. 15
in an attempt to develop a selective sequestering agent for the harder
metal ions. This is usually best achieved with polyether macrocycles while 
polyamine counterparts are generally used for heavy and transition metal 
ions. In non-basic conditions the degree of 1; 1 association uniformily 
varies with the size of metal ions ie Mg>Ca>Sr>Ba whereas the monovalent 
alkaline metal salts do not dispel the phenolic proton of the ligands.
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EIQGEgQÜS BRIDGER.

As a result of studies <53-53) to investigate the various ways to maximize 
the interactions between 2Cu(II) ions separated by distances even as long 
as 5.4±0.3â, Kahn proposed the following requirements:-

1) The 2 copper centres must show planar or square pyramidal 
coordination. . For the latter case, the apical bond length must be as
large as possible.

2) The 2 basal planes around the copper (II) ions must be as co-planar as 
possible.

3) The HOMO'S of the bridges must be largely delocalized on the co
ordinating atoms and symmetry-adapted to interact with the singly occupied
metal orbitals. The HOMO's must also be as high in energy as possible, (eg
weakly electronegative groups present).

¥hen these requirements are met the 2 magnetic orbitals and centred 
on the copper(II) ions are essentially located in the plane of the bridging 
network and are strongly delocalized (in an antibonding fashion) on the 
bridging atoms so that the overlap integral may be large, which favours an 
antiferromagnetic interaction. He has applied these rules to a series of 
copper(II) dinuclear compounds containing the halide derivative of the 2 ,5- 
dihydroxy-l,4.benzoquinone dianions as bridging ligands^^^) piQ.16 to see 
what extent the interaction is reduced with a Cu...Cu separation of 7.5Â.

All compounds showed a maximum of in the 14-21K temperature range which 
is characteristic of a weak antiferromagnetic interaction as is the 
decrease in intensity of the esr signal with decreasing temperature. The 
largest interaction is observed in the p-iodanilato compound (J=-25.9cm^‘'). 
However from earlier studies the strongest interaction was J=-730cm~’ for 
the dithioxoamide compound with a Cu...Cu distance of 5 .67Â<^='S*>.
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However 7.6Â Is far from being the limit for the interaction between two 
copperdi) ions. Coffman and Buettners<ss> iiave proposed the relation

iJiiml = l.SSxlO^exp (-1.80R)

for the limiting value of J Com-’ ) - the singlet-triplet gap in the
binuclear complex versus R(Â) the distance between the metallic ions. 
Verdaguer therefore used 4,4'bipyridine as a suitable candidate to give R 
distances greater than 10Â<sG) piQ.17. He used a mononuclear complex with 
a mondentate 4,4' bipyridine ligand to obtain an estimate of the 
intermolecular contribution to the magnetic interaction. From their 
results it was not possible to attribute the observed antiferromagnatic 
coupling to intramolecular interaction only.

In general more interest lies with the shorter Cu...Cu separations which 
are more applicable to many natural systems and thus smaller polyatomic 
bridging molecules are employed-azide, thiocyanate, hydroxide, methoxy and 
ethoxy - being common examples although pyrazole, halide, pyrrole and 
imidazole bridges are also of interest. An example of the latter is in 
bovine erythrocyte superoxide dismutase known to contain an imidazolate 
Cu (II). . . . . Zn(II) active site*-®̂ . Synthetic macrocycles having a cavity 
size large enough to encapsulate 2 metal ions^provide a means whereby the 
interactions and structural relationships between the metal centres may be 
studied in the laboratory. The macrocyclic ligands employed for such 
studies are commonly the binucleating Schiff-base macrocycles where 
particularly useful dicarbonyl precursors are 2,6 diacetylpyridine (D.A.P) 
FIG.18-1 and Diformyl furan (D.F.F) FIG.18-2. [2+23 condensations of these 
dicarbonyls with various amines give rise to many structures of various 
ring size. Although formed by template methods, transmetallation with 
copperdi) ions was easily achieved giving a range of binuclear Cu(II) (and 
other transition metal homobinuclear assemblies) complexes.

The occurence of bridging substrate molecules within such binuclear 
macrocyclic complexes may be recognized from the stoichiometry of the 
complexes and from a variety physico-chemical studies, particularly 
measurement of magnetic susceptibility as a function of temperature
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(appendix 3) and esr (appendix 2). In addition the detailed structures of 
complexes solved by X-ray diffraction studies are invaluable in this area.

Nelson etal<e7,G8) ĵ v̂e thoroughly investigated series of macrocycles in 
which the inner ring varies in size from 16 to 30 member atoms thus having 
appropriate cavity dimensions for the accomodation of bridging substrate 
molecules and ions of varying size. They have found many interesting 
results from such studies, in particular, with respect to the bridging mode 
of the thiocyanate ion.

THE THIQCYMATE. IQS

X-ray structural studies of crystalline KSGN derivatives®® suggest that the 
free ion is linear and exists as a hybrid of ~S-C=N and S=C=N“. The charge 
can be located at either end (depending on chemical enviroment) of the ion 
producing ambidentate character"^® in the NCS~ ion which therefore has 5 
binding modes FIG.19-1 - 19-5. The terminal nitrogen and sulphur bonding 
modes 19-1 and 19-2 together with the 3-atom bridging configuration 19-3a 

j  and 19-3b are used in almost all of the known thiocyanate complexes. In
' stark contrast, co-ordination in a single atom bridging fashion FIG.19-4,

19-5, has been rare and until 1979 unknown. To date the unique example of 
a structurally characterized ”S" only bridge between transition metal ions 
remains that demonstrated by Nelson Fig.20. However within the last
couple of years an "S" only bridging thiocyanate group was diagnosed in a 
dilead assembly <72». N' only bridging was first recognized by Cotton^® in j 1979 following the X-ray structural analysis of the mixed-valence metal
bonded anion [Re= (NCS)io3 however it was 2 years later before the first 

1 example of N-only bridging within a macrocyclic ligand was realized by
Nelson FIG.21. With the exception of Reedijks Cd (II) polymer^® and 

1 Lindoys Ni(II) dimer<^®) the occurrence of the single-atom bridging modesj can be ascribed to an enforced close proximity of the metal centres which
precludes formation of the 3 atom bridge. Thus the bridging mode of the 
thiocyanate ion, if bridging occurs at all, is indicative of the separation 
of the 2 metal centres.
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For internuclear separation greater than 6.0Â, no form of bridging is 
possible and terminal -NCS or -SCN co-ordination applies, depending on the 
preferences of the metal ion, the N-donor end being selected by the 
relatively 'hard' class A transition series ions, and the S-donor by the 
softer class B main group ion Pb=+. The internuclear separation 
typicallyc^^) associated with the commonly observed centrosymmetric di p- 
1,3,- NCS- arrangement 19-3a was estimated at 5.6Â and this was borne out 
by a survey of the Cambridge Crystallographic Database which showed 
distances between 5.3 and 5.8Â*-̂ ®̂ . Where such an internuclear separation 
is not available, and particularly where the pair of metal ions are non 
identical an unsymmetrical arrangement such as 19-3b may be adopted, which 
can reduce the distance necessary for accomodation of the bridging unit^^®> 
to =4.8A. There is one example of a structurally determined single 1,1-p- 
NCS bridge 19-4 which shows a metal-metal distance of 4.347<I)Â‘-®® ̂ and a 
Pb-N<CS)-Pb angle of 109.2=. With 2 such bridges 19-5, the metal-metal 
distance is much smaller and the one known structural example involving 
transition metals has a Ni...Ni distance of 3.28Â. The one example of 
bridging through S shows an internuclear separation of 2.87A<^2). In this 
case however the mode of thiocyanate co-ordination is probably determined 
as much by the class B nature of the acceptor ion as by the available 
cavity space.

Several reports of N-only bridges have appeared in recent years including 
those described in 78, 80-82.

Despite the small number of structurally defined examples of N-only 
bridging, a simple physico-structural correlation based on infrared data is 
already emerging. (IP spectroscopy of co-ordinated thiocyonate has been 
extensively reviewed®®). There are 3 normal vibrations for co-ordinated 
NCS~, V n c , V c s  and V n c s . Of these V c - n  has been the most heavily studied 
because it is normally a strong absorption which falls around 2050cm"^ - a 
part of the spectrum which is normally free of potentially interfering 
ligand vibrations. This is not the case for the weaker, lower energy, V n c s  

and particularly V c - s  vibrations which appear at =470 and 700-800cmr^ 
respectively.
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The V c - N  frequencies and their structural assignments for the first row 
transition metals are summarized in FIG.22, This shows that all types of 
co-ordination involving sulphur have overlapping regions (2,3,5). Terminal 
nitrogen bonding occurs at lower frequencies 2030-2080cm~’. However the 
most striking feature is that (with the exception of for which no ir
data is reported) all the H-only bridging thiocyanates exhibit the V c n  

absorption at frequencies below 2030cm-^ and usually below 2000cm-^( 
1885cm-^ c-733 is the lowest recorded ) well removed from the more familiar 
regions associated with HCS-. So low, in fact, the V c n  in these complexes 
that when first encountered by Cotton etal in 1967 it was assigned as
a Vc-a frequency of a carbonyl group, only to be corrected 12 years 
subsequently on the basis of an X-ray crystal structure^^^).

In similar manner the azide ligand can bind in one of three ways: 
terminal<3s-'3^>, end on p-1-1 bridging and end to end p-1,3
bridging<^s-37, 31-333 FIG.23. All modes are known in copper chemistry and 
modes 23-1 and 23-3 have been proposed to occur in methaemocyanin 
derivatives<32,sa,3G3 Because of the importance of azide co-ordination in 
protein studies Karlin etal(SG-ioo3 ^̂ d̂ others<s''S=,Toi) have sought to 
examine its co-ordination properites in relevant model systems. Helson etal 
have observed the long 3 atom bridge in several bi-Cu(II) complexes of 
binucleating ligands<T°='T033 such as the ligand (L) in Fig.24. Reaction of 
CusL(OMe)(C104.)32H20 with one equivalent of Haïïs in methanol affords the 
complex CuaLHs(010^)3 for which the assymmetric and symmetric stretching 
vibrations of the co-ordinated azide ion occurs at 2070 and 1347cm-'' 
respectively. The occurrence of the symmetric stretch as a moderately 
intense band is taken as evidence for a juil-1, bridge since the vibration is 
expected to be inactive or of low intensity in symmetrically bridged pl-3 
azido complexes. A weak antiferromagnetic coupling interaction between the 
2Cu(II) ions in this complex has been inferred from the esr spectra of 
frozen solutions'^.

It is the enormous variation of magnetic exchange interactions leading to 
diamagnetic, antiferromagnetic (weakly and very strongly coupled) and 
ferromagnetic azide bridged copper(II) dimers that makes these materials
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ideal probes for the elucidation of magneto-structural correlations in 
these exchange coupled systems.

The magnetic properties of the two bridging type azido complexes differ 
markedly. When azide bridges in an end-to-end fashion the coupling between
the magnetic .centres can be strongly a n t i f e r r o n a g n e t i c < s s , i o a > .  The
complex in FIG.25-1 is diamagnetic and shows no esr signal over the 
temperature range 4-300K indicating that there is a very strong 
antiferromagnetic interaction between the two copper(ID ions despite the 
large Cu...Cu separation (5.15Â) When azide bridges in an end-on
mode the ferromagnetic interaction between the metal ions is favoured 
107,87) For the complex in FIG.25-2 the Cu....Cu distance is 3.04Â and 
the coupling between the two coppers is ferromagnetic with 2J= +210cm~''

The design of ferromagnetically coupled dinuclear complexes cioa.ios.) 
occurs at 2 levels of approximation for the theoretical approach.
1) only the metallic unpaired electrons are considered as active 
electrons cios.ios)
2) spin polarization effects^T^e.ios) from the highest occupied orbitals of 
the bridging ligands.

The active electron theory (not discussed here see ref 108,109)loses its 
validity when low energy molecular orbitals, doubly occupied by the so 
called passive electrons (non magnetic electrons) no longer differ much in 
energy from the magnetic orbitals (containing the unpaired metal electron). 
These doubly occupied molecular orbitals of the azide bridge can polarize 
the spin of the unpaired electron to favour either a singlet or triplet 
state. \ .

The ab initio calculation of the electronic structure of Us" has
shown that the highest occupied level ' (mg'*) (of the ground state) is very 
separated in energy from the level located immediately below. (energy 
difference is 6.68eV)’. ‘ Thus the TTg molecular orbital in the plane of the 
bridging network can play a dominant role in the interaction between the 
Cu(II) ions through the azido bridge. At any given instance, in TTg, the
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electron with the a  spin is localized around one of the terminal nitrogen 
atoms and the other electron, with  ̂ spin, in order to minimize repulsion 
effects, is localized around the other terminal nitrogen atom. FIG.26-1. 
Thus when ITs” bridges in an end-to-end fashion FIG.23-1 mg^ gives the 
bonding molecular orbital shown in FIG.26-2. If an a  electron is partially 
delocalized towards a dxy metal orbital, a P electron is symmetrically 
delocalized towards the other metal orbital. Hence the unpaired electrons 
occupying the magnetic orbitals will tend to have spins J3 and a  

respectively. This favours the singlet state and thus an antiferromagnetic 
interaction.

When Ho" bridges in an end-on fashion FIG.23 the electron on the bridging ÏÏ 
(say with a spin) is partially delocalized towards the dxy metallic 
orbitals in the bonding molecular orbital (Fig.26-3). This delocalization 
is a function of the overlap < (dxy) Cu (px) IT> and the energy gap between 
dxy and TTg. It gives an instantaneous density of a spin in each of the two 
dxy metal orbitals. Therefore each unpaired electron localized in its 
magnetic orbital with a mainly metallic character will have a probability 
of |3 spin larger than 0.5. This favours the triplet state. This theory has 
been tested*-®"̂ '’ on di,-l-l azido bridged dimers where indeed 
ferromagnetic interaction is observed. Veiss*^^‘̂^has studied the
interactions of p-1-3 azido bridged copper(II) dimers of both unsubstituted 
and trimethyl substituted triazacyclononane and compared their results with 
monomeric species. Magnetic results show a strong intramolecular 
antiferromagnetic exchange coupling(J=-350cm~'') for the dimers whereas the 
monomeric species exhibits negligible coupling through intermolecular 
exchange. This large interaction is due to the symmetrical nature of the 
azide bridges. Kahn has thus proposed that with less symmetric ligands 
like MCO~or MCS~ the spin polarization effect will be much less 
pronounced<To®).

HYDRQXQ BRIDGES,

The best established magneto structural correlations concern bi-bridged 
copper(II) dimers, particularly the bis(p-hydroxo) complexes. In this case
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Hatfield and Hodgson‘S ^  have shown that the singlet - triplet <S-T) energy 
gap(J) varied steadily versus the Cu-O-Cu (0) bridging angle, with a 
singlet ground state for 8>97.5= and a triplet ground state for 8<97.5=. 
Too explain this, 2 semi-quantitative interpretations have been proposed;

1) One approach is that of Hay etal = > J is expressed as a sum of an 
antiferromagnetic Jaf and a ferromagnetic Jr component. The latter is 
assumed to be weakly sensitive to small structural changes while Jaf is 
much influenced by the energy gap between the 2 singly occupied molecular 
orbitals in the low lying triplet states FIG.27.
2) A second interpretation, proposed by Kahn‘S i s  based on natural (non 
orthogonal) magnetic orbitals and on the overlap density between them. By 
defining 2 natural magnetic orbitals in a copper(II) dimer as )̂a° and jfE,* 
then the overlap density is expressed as -

p ( i )  =  f f A *  ( i )  ( i )

The overlap integral (S) and the two electron exchange intergral 'j' are 
given by-ÎS p(ü) dv(i)

j = p(i)p(j) (dv(i)dv(J ) )/r (ij )

Again J appears as the sum of Jaf and Jf with Jaf varying as -8^ and Ji=- as
j'

For the magnetic orbitals in the bridging network in FIG.28, which are of 
dxy type, the overlap density, noted as presents 2 positive lobes
along the x axis and two negative lobes along the y axis around each 
bridge. For a 8 value close to 90® around each bridge, positive and 
negative lobes compensate themselves so that the Integral, 8, of the 
overlap density is 0 as is Ja f . The magnetic orbitals are said to 
accidently orthogonal and J reduces itself to its ferromagnetic component. 
When 8 increases, the magnitude of the positive lobes along the x axis 
increases and that of the negative lobes along the y axis decreases. The
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result is that iŜ  increases as well as [Jaf]. Thus when a > 97.5= the Jaf 
component predominates and the observed coupling is antiferromagnetic 
<J<0). For OL < 97.5= Jf is dominant and a ferromagnetic interaction 
results <J>0). As the bridging angle cl decreases below 90= the metal-metal 
direct interaction becomes important, leading to a singlet ground state and 
an antiferromagnetic interaction which is independant of a.

For di-jjL-hydroxo dimers in which the 'CuzOz' bridging chromophore is not 
planar, the 2J values are usually smaller than expected due to a decrease 
in the copper-oxygen antibonding overlap. A bridging angle a = 105= with d 
= 180= (ie a planar Cu^Oa unit) gives a 2J value of -600cm"^. However a 
characterized 'roof-shaped'di-p-hydroxo complex with a dihedral angle 
of 147.5= and a  =105= has a singlet-triplet splitting of only 2J = -256cm"

Binuclear copper(II) complexes containing a single bridge are relatively 
rare, although there are a number of mono-p-hydroxo c o m p l e x e s * - ' ^ ® ' . 
An approximately linear correlation has been observed between the hydroxo 
bridging angle and the coupling constant for a series of complexes all 
having a dx=-y= ground state. For Cu-O-Cu angle between 101,3= and 126.2=, 
2J values in the range -191cm"'' to -800cm"'' were observed<TT®>. The mono- 
ji-hydroxo bridged di-copper(II) complexes of the ligands in FIG.24 and 
FIG.29 have distorted square pyramidal geometries and dx^-y^ ground 
states(T'G'Ti7,ii8>, Bridging angles of 110.3°, 132.2= and 143.7° give
rise to 2J values of -64, -425 and -500cm"'' for complexes 24, 29-1 and 29-2 
respectively. These values correlate well with those ligands previously 
discussed. The values of the exchange constant for mono hydroxo bridged 
copperdi) dimers appear to be senstive to the nature of the associated 
non-bridging ligands and complexes having the trigonal bipyramidal geometry 
have a dz= ground state and do not fit the a-J correlation.

Thompson'T® has reported a series of binuclear copperdi) complexes of 
polyfunctional phthalazine and pyridazine ligands with predominantly 
hydroxide-bridged binuclear centres. These complexes showed larger 
exchange integrals (-2J = 190-1304cm"') than their analogous chloro-
bridged complexes (-2J = 55-131cmr').
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Several useful reviews on the interaction between bridged polynuclear metal 
complexes include. 24,120,121.

LIGABD'VT'

The Nelson group has been interested in using various anions, mainly 0H~, 
N~3 and NCS~, as probes of internuclear distance between various transition 
metal binuclear complexes. One aim of the work was to establish which of 
the above bridging ligands lent itself to mediating the strongest 
electronic exchange interaction. A second objective was to see if NCS", in 
its single N-atom bridging mode could induce the spin polarization effect, 
to give a ferromagnetic (8=1) interaction - and if so would it be, as 
proposed by Kahn‘S ’ , significantly less than the single atom azide 
bridge. Thus the group prepared three macrocyclic ligands each differing 
in potential internuclear distance. FIG.30 shows the 3 ligands, their ring 
sizes, modes of binding and their 'pet' names. I worked with only one of 
these systems ie. VT: the ligands ^BP and *E were investigated by other
members of the group - the work is hereby readily acknowledged.

Ligand E differs from VT and BP, not only in the nature of the donor set,
NaOs in E, compared to Ne in VT and BP, but also because the oxygens of the
furan rings are, with respect to transition metal ions at least, non co
ordinating. Thus the 3 systems represent a short series of macrocycles
gradually increasing in size from E to BP and therefore potentially 
increasing in internuclear distance between the two metal centres. The 
ligands were synthesized using metal template methods, and by 
transmetallation, transition metal complexes were obtained, and their 
subsequent reaction and binding mode with the thiocyanate, azide and 
hydroxide ions investigated. A table of the analytical and infrared 
spectroscopic data for the complexes of the 3 ligands is shown in FIG.31 
TABLE A.

C. Stevenson and S. Eahgunathan

F.Esho, A.Lavery, K. KcKlllop and J. T. Grimshaw,
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L
The condensation of 1,3 diamino propane and 2,^ diformyl pyridine in the 
presence of Ba(II) in alcohol gives a mononuclear complex C14] of the 20
membered Ns macrocycle called 'WT' FIG.30-2. Good yields and purity of
product meant there was no need to use other template ions. The
macrocyclic nature of the product was easily confirmed. Undoubtedly most 
convincing was an X-ray crystal structure, described below, but infrared 
<ir), mass spec, and conductivity also indicate that a [2+2] condensation 
resulting in a closed macrocyclic product had occurred.

The ir of the cream white solid showed a moderate to strong band at
1640cm-"'' indicative of the formation of the imine (C=N) function.
Absorbances at -1700cm~'' or 3400-3200cm"T attributable to unreacted 
carbonyl or primary amine groups respectively, were absent. The two
signals, due to perchlorate counter ion at 1170-1040cm”’ and 620cm-^ showed
well defined splitting FIG.32 which strongly suggested these counter ions 
were co-ordinated rather than ionic. These observations indicate that 
Schiff base condensation has taken place but do not on their own
distinguish between cyclic and polymeric condensations. However the 
crystalline nature of the product suggests low molecular weight and the 
conductivity suggests a 1:2 electrolyte which is again consistent with the 
formation of a cyclic rather than polymeric species.

The X-ray crystallographic structural determination, obtained by Dr.M.Drew 
at Reading, of the barium complex of WT is shown in FIG.33. The six Ba-N 
distances range from 2.834(16) to 3.03(18)1 and the ion is also chelated to 
two perchlorate ions at distances of 2.943(17) and 3.06(16)1 and to the 
oxygen atom of an ethanol solvent molecule at 2.855(20)1. The metal ion 
therefore has a co-ordination number of 11. The macrocycle assumes a 
folded conformation so that all 6 ' N' donors are within co-ordinating
distance of the barium ion, and so the macrocycle is in a U-shaped form 
with the two pyridine rings tilted to each other at an angle of 73.4° 
resulting in a (pyN. ..Npy) distance of 5.281. This is shorter than the 
equivalent distance in the 9 co-ordinate barium complex of BP [1] FIG.34 
eras which is 5.591. However both distances suggest that several types of 
thiocyanate bridging modes are possible within these 2 structures including
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19-3a, 19-4 and 19-5. Therefore Drew and Yates Investigated the viability 
of the 3 binding modes within the 2 macrocycles using the method of 
molecular mechanics.

Six different structures were modelled to assess the suitability of the 
macrocycle to accomodate thiocyanate bridges of different types. These 
were -

2) Co-WTŒCS)I  ̂ with 2 centrosymmetic ji-1-3, bridges (19-3a)

3) CosBPCNCS)^ FIG.35-2
4) Co=VT(BC8)a FIG. 35-3 > with 2 p 1 1 ÏTCS bridges

5) [C02BP(#C8)3]+ FIG.35-1
6) [Co2VT(#C8)3]+  ̂ ^ single p-1,1 bridge (19-5)

Calculations were carried out using the ÏÏ. M. 2 program‘s ’  ̂ in the manner
described in ref 123. Results showed (FIG.35-4) that both macrocycles were 
too restricted to permit the 1,3 mode of attachment 19-3a. Both minimized 
[CozLCRCSXa] structures contain Co...Co distances of less than 4.0Â which 
is at least 1.0Â less than any known structure containing a 1,3, HCS 
bridge. Of the other four structures it is clear that the single 1,1 
thiocyanate bridge is considerably more stable with the 22 membered 
macrocycle BP than with the smaller 20 membered macrocycle VT and results 
indicated that the single bridge structure 19-4, is unlikely in VT. On the 
other hand, both structures show similar energies and geometries for 
incorporating the bis 1-1, thiocyanate bridging arrangement.

Vhilst a good general indication of possible binding modes this study is 
unable to accommodate a variation of metal ion size which will clearly play 
a significant role in determining the internuclear space and thus the mode 
of binding of the thiocyanate ion.

A series of transmetallation reactions on the barium template of VT were 
carried out giving a mononuclear complex (in the case of Mn(II)> and 
binuclear complexes (for Co(II), Hi(II), Cu(ID). These were then reacted 
in the presence of the thiocyanate anion and the products characterized.
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Results of Molecular Mechanics Calculations

Compound

M2L1(NCS)4

M2L2(NCS)4

M2L1(NCS)3

M2L2(NCS)3

M2Li(NCS)4

M2L2(NCS)4

Bridge type

Two 1,1-NCS bridges 

Two 1,1-NCS bridges 

One 1,1-NCS bridge 

One 1,1-NCS bridge (i)

(ii)

Two 1,3-NCS bridges 

Two 1,3-NCS bridges

Energy Metal-Metal Distance 
kcal mol'i ' %

10.66 3.30
10.24 3.24
7.48 3.66^
8.86 2.94^

13.83 329

3R52 ' 3 J 9
3262 3 J 2

 ̂ several possible conformations for these two compounds with for example the
temiinal and bridging thiocyanates on different sides of the molecules. However, we were 
unable to find any other conformations with an energy of less than 15 kcal mol-': All 
conformations led to values for the M...M distance that were similar to those in the Table.

Fig. 35-4

L = BP 
= WT



FIGURE 36
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IRAB5HETALLATED COMPLEXES

Most of the transmetallated complexes formed were binuclear. In the case 
of Mn ( 11) only a mononuclear complex was isolated and it was obtained no 
matter what excess of metal ion was used in transmetallation. The physical 
data for the mononuclear complex [15] is given in FIG.31 TABLE-A.. From the 
ir data it can be seen that the thiocyanate group shows a terminal mode of 
co-ordination, most likely via the ' N' donor end due to the relatively 
'hard' nature of Mn(II). This suggests that the Mn(II) has a co-ordination 
number of 6. Both the uv, which shows no evidence of d-d transitions and 
the magnetic moment are uniformative, with respect to geometry - the latter 
falling close to the spin only value of 5.92Bm as expected for the 
orbitally nondegenerate d® system. The conductivity lies in the lower 
range of 1:2 electrolytes due to its low solubility. Recently McKee<T=*> 
made an interesting tetranuclear bis-macrocyclic complex by the reaction of 
a closely related ligand-ligand T FIG.30-4 with Mn(0Ac)3. This ligand is 
the imine methylated form of VT. The X-ray structure of the tetranuclear 
complex shows a binuclear mixed valence Mn"/Mn" pair per macrocycle with an 
OH bridging group between the two macrocycles.

The largest ligand BP gave 2 manganese (II) complexes [21 and [33 both of
which, in contrast to VT, were binuclear in nature. The crystal structure
of HnaBP (OMe) <MCS)3 has been determined*-and shows p-1,1, M only bridges 
confirming the ir criterion which indicates the presence of the M-M(SC)-M 
assembly where M=Mn(II). Using [33 as a calibrant, the relative intensity 
of the < 2000cm"^ ir absorption in [23 indicates that two single atom ' M' 
bridges are present. This gives rise to the parallel planar macrocyclic 
conformation FIG.36 that is adopted by the system. Mo Mn(II) complexes of 
the smallest ligand E were isolated.

All other complexes formed by VT on transmetallation were binuclear in 
nature. However, in the attempted reactions of VT with Fe(II), no product 
of acceptable purity was obtained. The ir of crude FezVTCMCS)*. xH^O'was 
run and it showed a strong absorption below 2000cm"'' as well as terminal 
and ionic thiocyanate groups. Pure Fe^BP(MCS)^. H^O [43 demonstrates, on
the basis of ir, one M only bridge, 2 terminal and 1 ionic thiocyanate
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groups. This suggests a 5 co-ordinate metal centre in this complex. The 
ir pattern is identical to the crude VT complex so it is likely that the 2 
iron complexes have the same thiocyanate binding modes and hence the same 
co-ordination and geometry. Ligand E gave no compounds with iron.

The ir of the [FezVT]^^ complex shows a significant weakening of the V c -»n 
at 1640cm-'' and the pyridine signal at 1600cm~'' all but disappears. This 
possibly results from the delocalization of the chelate ring. The deep 
purply red colour of the crude product suggests a low spin state of the 
Fe(II).

A possible explanation for the impure nature of the product could be due to 
the presence of both mono and binuclear species. Mn(II) forms mononuclear 
species with VT whereas CoCIDCas we shall see) forms binuclear complexes 
only, and it may be that Fe(II) is behaving in an intermediate fashion 
giving a mixture of mono and binuclear products.

Vith Co(II) an interesting compound; the tetrakis - thiocyanato complex 
[16] was isolated and characterized. The ir shows an absorption at 
1985cm-' corresponding to V®»(MCS) and the p-l,l-MCS bridging mode. 
Terminal binding MGS is suggested for the second absorption at 2090cm-'. 
The 1:1 intensity ratio of peaks suggests that there are two of each type 
of MGS present. This would give a 6 co-ordinate environment for each 
cobalt ion - 3 ligand nitrogen atoms, 2 from the thiocyanate bridges and 1 
from the terminal MGS.

The nujol mull spectrum - electronic and magnetic susceptibility data are 
tabulated in FIG.31, Table B - consists of a series of ill defined 
shoulders which indicates that, rather than a regular octahedron, the 
Go (I I) ions lie in a low symmetry 6 co-ordinate geometry. This idea is 
supported by the observed magnetic moment of 4.63Bm (spin only: high spin - 
3.88 low spin-,1.73) which reduces slightly with temperature (80K: p =
4.30Bm). In the absence of significant antiferromagnetic interaction the 
low moment (On field peff = 4.5-5.2) may be the result of a reduced orbital 
interaction brought about by a low symmetry environment.
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In the analogous complex of BP C53, the ir suggests not only pl,l bridging 
but also unco-ordinated (2050cm“') and terminal (2080cmr') co-ordination. 
From a comparison of intensities it appears likely that there are two 
terminal, one ionic and only one M-only bridge giving a 5 coordinate metal 
centre. The electronic spectrum supports this proposal with 3-4 d-d bands. 
The dominant feature is a strong band around 15600cm-' with weak features 
around 8500 and 7000cm-' poorly defined. < A similar spectrum has been 
observed<'=s) for a structurally characterized square pyramidal Co(ll) 
complex). Magnetic data also favours a 5 co-ordinate geometry showing a low 
value for moment consistent with the no more than expected'-' small 
reduction of moment with temperature explained on the basis of depopulation 
of spin orbit coupled excited states and/or zero field effects. Another 
thiocyanate complex of BP ie C 63 again has one pl-1 thiocyanate bridge but 
in this case the complex has been assigned an octahedral geometry. This 
proposal is based on the electronic spectrum which shows a pair of 
absorptions of appropriate frequency and intensity to be assigned to 2 of 
the 3 absorptions expected for Co(11) in an approximate octahedral 
geometry. The sixth site is occupied by a coordinated acetonitrile solvent 
molecule'-’̂® ̂ .

The dicobalt complex of BP has also been bridged by two azide anions [73. 
I.R indicates the end on 1,1 Ms- bridging mode. UV indicates an octahedral 
geometry for the Co ClI) ie 6 coordinate. [73 shows an appreciable increase 
in moment with temperature over the 293-93K range which continues in the 
93-4K range, achieving the plateau characteristic of a molecular 
ferromagnet before falling off at lower temperatures presumably because of 
antiferromagnatic interdimer interactions. Thus the spin-polarization 
theory of Kahn^'o^.ios) appears to hold quite satisfactorily for this pl,l 
azido compound. The recent<'^^) structural determination of [73 confirms 
the pl,l Ms- bridge.

Ligand E also forms dicobalt complexes, showing both M-only thiocyanate 
bridging and 1,1-azide bridges<^^>. The former shows only a small 
reduction of moment with temperature while the latter shows a small 
ferromagnetic interaction. The solid state electronic spectra are typical
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for high spin Co(ll) in trigonal bipyramidal environments. The close 
similarity of spectra of the 2 complexes is strong evidence for a common 
structural framework comprising one nitrogen atom. This complex in fact 
forms bridges with a whole variety of bridging ligands - hydroxo, alkoxo, 
phenoxo, thiolate, halogens and pseudo halogeno bridges'-

Two binuclear nickel complexes were formed on transmetallation of the 
barium complex ([173 and [183). The ir of MaVTCNCS)a, [173, FIG 37-1 
resembles that of CoaWTdTCS)^ in showing 2090cm-^ and 1985cm-^ absorptions 
in a 1:1 ratio, indicating 2 types of thiocyanate within the macrocyclic 
cavity; one set of 2 in a coordinated terminal mode and the other two in 
the form of pl,l ITCS bridges. The formation of two thiocyanate single atom 
bridges suggests a short metal-metal distance and the one known structural 
example involving transition metals has a Hi...Hi distance of 3.28Â'-®''̂ .

Compound [183 exhibits only a single very strong V*= (FCS).absorption at 
1975cm-'' FIG 37-2 which clearly originates from the di-p-1, IFCS assembly. 
A weak absorption at 2250cm-^ was attributed to coordinated acetonitrile 
solvent molecules. The conductivity of this complex was typical of a 1:2 
electrolyte suggesting that in solution the two bridging groups remain 
attached. For both compounds the electronic spectra show FIG.37-3 the 3 
expected absorptions for a d® ion in an Oh environment. The 3 spin allowed 
transitions correspond to;

=A=g 4 =T: 
= Azg 4

[173 [183 [Niena3 =+ [NiH=03
10100 10900 11000 9000

‘ig (F) 16300 17200 18500 14000
ig (P) 23500 26000 30000 25000

In the tetra thiocyanate complex the electronic absorptions are shifted to 
slightly lower energies as a consequence of weaker axial ligands (Note: 
the highest energy absorption may be a strong ligand-metal (SCN-) 4 Ni=+ 
charge transfer which effectively masks the d-d transition)

Thus we conclude and propose that in both complexes [ 173 and [ 183 the 
Ni (11) are in an câ. octahedral environment with a coordination number of 6 .
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The magnetic data results for both complexes vary only slightly with 
temperature and lie close to the spin only value of 2.83Bm which indicates 
the absence of significant magnetic exchange interaction. As expected<i=G) 
for 6 coordinate octahedral nickel(11), there is no evidence of orbital 
contribution increasing p significantly above the spin only value. The 
small reduction of moment with temperature could be explained in C18] on 
the basis of depopulation of the spin orbit coupled excited states of the 
ground state (ie mixing of the ®Asg and ®Tiq states) although there could 
well be a contribution from weak antiferromagnetic exchange.

The tetrakis thiocyanato dinickel complex of BP [ 81 , based on ir signal 
intensity, shows one N only bridge and terminally bound groups. Both the 
mull absorption spectra and magnetic data are similar to that of the VT 
analogue C17] indicative of 6 coordination. The water and fourth 
thiocyanate group must also be coordinating the metal centres.

All other complexes obtained were binuclear copper complexes which show a 
range of bridging groups. Analytical and ir spectroscopic data are shown 
in FIG.31 - Table A, whereas electronic spectral and magnetic
susceptibility data for the BP, VT and E dimers are shown in FIG 31 - B. 
The esr data is tabulated in FIG 31 - C.

For bridged di-copper systems, which can potentially interact by means of a 
superexchange process, it is perhaps by esr that such an interaction can 
best be studied, (See Appendix 2). For non interacting copper ions in an 
isotropic environment eg. in fluid solution, the simple 4 line spectrum is 
observed derived from 21+1 (I=nuclear spin quantum number - for Cu(ll) 
1=3/2). In the solid state, of course, anisotropy means their gi i and g , 
signals are differential and hyperfine splitting is often large enough to 
be resolved only in gii, which therefore consists of 4 lines. For very 
strongly antiferromagnetic coupled systems ie where essentially there is a 
pairing of the magnetic electrons of the 2 copper ions via the bridging 
system, no esr spectrum will be obtained ie such a system is esr 
silent.However for bridged dicopper systems a pair of 7 line g,, signals 
(split by zero-field) is often observed showing that the 'magnetic' 
electron of each of the copper ions is no longer localized on the metal
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centre but delocalized over the binuclear assembly via orbitals of the 
bridging ion or group.

Whether this interaction is ferromagnetic or antiferromagnetically based 
can, in theory, be determined by reducing the temperature of the system. 
For antiferromagnetically coupled systems the intensity of the esr spectrum 
may show a decrease with decreasing temperature below to Neel point 
(appendix 3), whereas the intensity of the spectrum for a ferromagnetically 
coupled system should increase continuously. This is a result of a 
reduction of thermal randomization effects making it easier for the spins 
to pair (in antiferromagnetic, 8=0, interaction) or aligns (in 
ferromagnetic, 8=1, interaction) at the lower temperatures. For weakly 
interacting systems it is not always easy to observe these intensity 
effects.

Given the sensitivity of the esr technique to long range interaction 
between copper (11) ions it is not surprising that all the dicopper 
complexes in this study to some extent show triplet features arising from 
the ferromagnetic 8=1 state present either as ground or thermally 
accessible excited states. The triplet features expected (es.ias-iso) 
include

-1- aL-hyperfine coupling constant Aii (Cu) at =80G around half the normal 
value of 140-160G for a non interacting copper nucleus.

-2- anisotropy, in the polycrystalline or glass spectrum arising from zero 
field splitting, generating for the normal axial symmetry site two g^ and 
two gxy signals separated by the zerofield splitting parameters 2Dz and Dxy 
respectively

-3- the appearence, with appreciable intensity of the normally forbidden 
half band. Am=2. transition close to g=4 .

Table C in FIG 31 shows that in all the dicopper(11) complexes where 
solubility allows the acquisition of glass spectra. An (Az) has a value 
close to 70G showing that the unpaired electron is delocalized over both
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copper (11) sites. Where zero-field splittings are small, extensive 
overlapping of signals occurs making assignment of the high field hyperfine 
split gz' signal difficult although it is usually possible to identify the 
pair of relatively sharp g,.,y signals. Thus the Dxy parameter is available 
and the magnitude of this offers some information on the degree of 
interaction between the paramagnetic centres. The experimental zerofield 
splitting arises from a combination of the dipole-dipole (Dcd) and 
pseudodipolar (Dp»ou.do) interactions, ie

%  4  „

Pseudodipolar zerofieT# interactions, which result from spin orbit mixing 
of excited states, ̂  depend on the exchange interactions in the excited 
states. Large Dpamudc, effects indicate that exchange interactions in the 
excited states are greater than those observed for the ground state. This 
pseudodipolar zerofield splitting can make an appreciable contribution to 
interaction in esr spectra, and so an exact correlation between the purely 
ground-state parameter, 2J, obtained from magnetic susceptibility data and 
the zerofield parameters Dz or Dxy is not to be expected. However a large 
zero field feature can generally be assumed to be a result of significant 
interaction with the possibility of. either a triplet or singlet level as 
ground state. Similarly where 2 binuclear assemblies show the same 
magnitude of D we can assume a similar bridging environment between the 2 
paramagnetic centres.

-CîJL̂ r̂. (FtutB>2 (8CF)? [203 + Cu^WT (CIO^), (8CF)c [19]

Bis-thiocyanato dicopper(11) WT complexes were prepared with the 
perchlorate C193 and tetraphenylborate [203 counterions and this difference 
appears to significantly alter the binding of the two NCS groups. For C193 
a single strong ir absorption at 2070cm-^ points to terminal or long-bridge 
NCS coordination, but the single strong absorption at 2029cm-^ in [203 
cannot be so easily explained. This is too low to be ionic or terminally 
bonded but not low enough to be unambiguously diagnostic of the single atom 
'N' bridge. Conductivity data which points to a 1:2 electrolyte, rules out 
ionic thiocyanate and thus CuaWT(NC8)2 (Ph4B )2 may have weak >N only
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bridges. Weak single atom bridging might be predicted due to the smaller 
size of the ion in comparison with Cu%^ with respect to Ni (11) and Co(ll). 
Thus the internuclear distance might be just on the limits of forming the 
>jil-l NCS assembly as opposed to the long 1,3 intramolecular bridge. 
However conductivity could not be carried out on the insoluble C193 which 
points to long intermolecular bridging as opposed to terminal coordination.

The uv spectra of [193 & [203 show a single unresolved absorption band
indicating a square based (tetragonal or square pyramidal geometry). From 
the ir and uv data we thus propose a 5 co-ordinate geometry for both the 
nationally di-N only bridged [203 and for the long intermolecularly bridged 
[ 193 . (the latter would be 4 coordinate if the NCS groups were terminally 
bonded).

There was no significant reduction in moment at 293 or 93K for [203. 
Reasonably good fit with the Bleaney-Bowers equation (Appendix 3) was 
achieved over the temperature range of 4K-300K using a value of -2J = +2. 
Thus [203 is a possible candidate for weak ferromagnetic interaction of the 
kind postulated by Kahn^^°®'T*®>. On the other hand the perchlorate 
derivative [ 193 shows moderately weak antiferromagnetic interaction as 
judged by the small, but significant, reduction in moment going from 
293K(1.67Bm) to 93K (l.SlBm). Using a Faraday balance susceptibility
values were obtained over the 4-80K range - these were higher than 
anticipated on the basis of applying the Bleaney-Bowers to the 80-300K 
range: thus the Bleaney-Bowers equation is not obeyed. The esr spectrum
of [193 FIG 38-1 indicates the features of a thermally accessible triplet 
state: ,

1) a half band,
2) a hyperfine coupling constant Aii(Cu) at 77G
3) anisotropy arising from'zero field splitting.

No comparison of gi i and were possible due to overlapping of signals 
making an estimation of gii(g=) impossible. We assume, therefore, a small 
zerofield splitting and thus a small interaction between the two copper 
centres. The hyperfine coupling constant (A=) of 77G is around half the
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normal value which again indicates that the unpaired electrons are 
delocalized over both copper(II) sites.

Compound [20] although having an moment of 1.71 BM gives a well defined 
triplet state in the esr spectrum FIG. 38-2. It also shows a large 
zerofield splitting which suggests a large degree of interaction (Dxy = 
510G). This result is incompatible with the observed Curie Law behaviour 
and thus a ferromagnetic (triplet) ground state is proposed for this 
compound which has a thermally accessible singlet state The discrepancy 
between the magnetic susceptibility results and the apparent large 
zerofield splitting may be caused by significant effects. Thus
although showing a ferromagnetic ground state results suggest that the 
exchange interaction of the antiferromagnetic excited state is greater than 
that observed for the 8=1 ground state.

The BP analogue of [19] behaves in a similar manner in terms of its ir, uv 
magnetic and esr results. The tetrakis thiocyanato compound [9] also shows 
similar magnetic and esr behaviour. Thus both [9] and [10] exhibit a weak 
antiferromagnetic interaction which is indicated by the small reduction of 
moment and by their esr features.

I.R indicates the presence of a pair of p,l,l IT(CS) bridges for the 
tetrakis derivative of ligand E [24]. It shows good Curie Law behaviour 
over the whole temperature range 4-300K although absence of interactions 
between the paramagnetic centres, ie no significant reduction in moment, is 
surprising given that the Cu. . . Cu distance must be in the order of 
3.6-3.2Â. This may be a result of the cancellation of ferro and 
antiferromagnetic contributions. The esr spectrum of [24] is consistent 
with its magnetic (Curie Law: % ex. 1/T) behaviour with poorly resolved 
hyperfine splitting (sa. 1600) characteristic of non interacting Cu(ll) 
ions.
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CiJL2gr.<l3>:z<ClQu>2 [21]

The ir of the bis azido di Cu(II) complex of VT exhibits V<:n..n-n -̂ as a 
medium weak absorption at 1340cm-''. This together with the observation of 

at the high frequency end of the normal range<T°=> constitutes 
a case for pl,l coordination of the azide ion in this complex. There are 
however two distinct peaks in the azide region - a high frequency 
absorption which has been interpreted as a >l,l(end on) bridge and a low 
frequency absorption attributable to ionic or long (p-1,3) intermolecular 
bridged azide. ' Conductivity gave a value which was typical of a 1:3 
electrolyte. This suggests that the single p-1,1 azido bridge remains 
intact in solution and that the other azide group is a weakly bridging 
intermolecular bridge which dissociates in acetonitrile solution, or a 
terminal azide group. From these resuts we conclude a 5 coordinate 
geometry (3'E' donors of WT, 1'end-on' bridge and 1 terminal or long 
intermolecular bridge) for the Cu(II). This proposal is supported by the 
uv solution spectrum which again shows one broad unresolved peak 
corresponding to the d-d transitions. Also in evidence are 2 sharp 
absorptions at 390 <e-10'̂ ) and 310(6=10^). Both are possibly azide to
copper charge transfer b a n d s ^  for the 2 types of azide bridge (although 
the higher energy absorption is may be an internal ligand absorption). 
From these observations it was not possible to distinguish between the 
various geometries available to the five coordinate copper(II)ions.

The esr spectrum of [213, FIG.38-3, is poorly resolved although the large 
zerofield splitting (Dxy = 520G) suggests that there is in fact significant 
interaction of the ions, with the possibility of either a triplet or 
singlet level ground state. A complex*-that has been proven by X-ray 
analysis to have a 1,1^3- bridge has a similar value of Dxy and this helps 
to confirm that [213 contains a single end-on azide bridge.

On the basis of Kahn's models^T^^.ios) ferromagnetic interaction
resulting from spin polarization had been predicted for [213. Indeed this 
complex failed to show significantly reduced moments at 293 or 93K and this 
combined with the triplet state features in the esr spectrum supports the 
idea of weak ferromagnetic interactions. Reasonably good fit with the
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Bleaney-Büværs equation over the temperature range was achieved with - 
2J=+7. ie a ferromagnetic ground state: however over the full range 4-300K, 
the best fit is to a small negative value of J.

One possibility is that both ferromagnetic and antiferromagnetic 
interactions are involved (J = Jap- + Jp) so that we consider the magnetic 
behaviour of this complex as a combination of ferromagnetic intra (spin 
polarization of the end-on bridge) and antiferromagnetic inter dimer 
interactions (possibly via long pl-3 intermolecular azide bridges). Best 
fit parameters over the range 4-300K and also over the higher temperature 
range, 80-300K, where inter dimer interactions are expected to be 
insignificant are given in Table C FIG.31. (of course paramagnetic 
impurities may be present which would significantly affect the low 
temperature values).

Ligand T FIG.30-4 the C - imino methyl substituted derivative of WT, also 
forms a dicopper mono azide complex Cu^TdTs) (C10a)3<TTS), jp data 
suggests that the azide is present in the 1,1,#3- bridging mode. The room 
temperature moment did not decrease appreciably on cooling providing no 
evidence of antiferromagnetic coupling between copper(11) ions. However 
proof of the occurrence of weak superexchange interaction came from the 
observation of a broad 'triplet' esr spectrum. A AM = 2 transition was also 
seen and it displayed the expected 7 line hyperfine pattern characteristic 
of coupled copper(11) dimers.

The bis azido dicopper complex of BP,[113, shows a 1,1 p-azido bridge. 
Despite the observation of a well defined triplet feature in the low 
temperature esr spectrum, and hence the indication of interaction of the 2 

copper ions, there was no observable reduction in moment over the range 
293-93K. Thus, once again there is the inclination to attribute this 
behaviour to the existance of a spin triplet (8=1) ground state as expected 
on Kahns spin polarization model.
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Cu=.WT(OH) (CIOA):, [22]

The Ir of this complex has a strong sharp feature at 3547cm“‘', FIG 39-1, 
which indicates the presence of a bridging hydroxo group. It is a 3:1 
electrolyte in MeCM indicating dissociation of the anions in solution and 
retention of the bridging hydroxide groups. Each copper centre would thus
appear to have a coordination number of 4.

The C-imino methylated derivative of WT ie ligand T FIG.30-4, forms a 
hydroxo bridged dicopper assembly which has been characterized by X-ray 
analysis<Tis,i32>, The occurence of the single bridging unit was traced to 
the presence of 2 rigid planar and powerfully coordinating trimethine 
moieties linked by 2 flexible chains. Each copper ion is thus strongly 
bound to one trimethine unit with the 3M donors occupying 3 corners of a 
square plane. The coordinatively unsaturated copper ions then complete the 
coordination square plane by the intramolecular binding of a single 
bridging substrate molecule or ion between the metal centres. The 2 
complexes show similar magnetic, esr, and uv properties and thus it is 
likely the copper ions in the WT hydroxy-bridged species show the same 
coordination geometry, ie square planar, as in the analogous complex of 
ligand T.

The electronic absorption spectra of C223 was uninformative, the mull 
showing one unresolved peak at 13,900cm~’ whereas the solution spectra <39-
2) shows a poorly resolved shoulder on the high energy side of the peak.
This observation is suggestive of the 5 coordinate trigonal bipyramidal or 
low symmetry square pyrimidal geometry. This feature may be the result of 
weakly bound water molecules - although microanalysis favoured 
CuaWT(OH)(C104>3 rather than the dihydrate form.

[223 has a room temperature moment of 1.60Bm which is slightly lower than 
the spin only value of 1.73Bm. On reducing the temperature there is a 
significant reduction of the moment to 0,90Bm at 93K. This moderately 
strong antiferromagnetic exchange appears to operate through the single 
hydroxo bridge. This suggests a Cu-O-Cu bridging angle in the range 101.3= 
- 126.2= which gives anti ferromagnetic interactions in the range -191cm"''
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to -800cm"’ The ligands showing these interactions had distorted
square pyramidal geometries and a dx=-y= ground state.

The temperature dependence of the susceptibility of C223 fails to conform 
to the Bleaney-Bowers equation and as a result no estimation of -2J could 
be made. Either a combination of intramolecular and intermolecular 
exchanges between metal ions in adjacent macrocyclic units or a sizeable 
fraction of paramagnetic impurity, may explain this failure. The higher 
than expected low temperature value of = 0.90Bm (q£. CuaBPp0H(C10a)3

0.46) is consistent with the appearence of a moderately strong broad 
signal around g = 2.0 (FIG 38-4a-c show the esr spectra of [22] at 3
temperatures) in the esr spectrum which intensifies at low temperatures at 
the expense of the triplet spectrum. This suggests the presence of. a 
paramagnetic impurity which at the lowest temperature dominates' both the 
esr FIG.33-4C and magnetic measurements.

Despite the large antiferromagnetic interaction (singlet ground state) 
triplet features are still in evidence. Thus at room temperature the esr 
spectra, 38-4a, of [22] shows the triplet features arising from the 8=1 
state. As a result of the large splitting of the signals in the esr we 
conclude that the zerofield splittings are large ie there is a strong
interaction between two copper centres. Thus Dxy (the zerofield parameter)
= 950G which was the largest value of Dxy of all the copper dimers in this 
study. This suggests that, of the three bridging ligands investigated in 
this study, the hydroxo group is able to mediate the largest interaction 
between 2 copper ions. The large zerofield splitting leads to well 
resolved gî "̂  and gii^^ values. Cu(ll) complexes having a square based 
geometry have a dx=-Y= electronic ground state giving g,i > g, > g« = 
2.003. For [22], g,, (2.22) > gi (2.11) > g® = 2.0023, and thus a square
based 4 or 5 coordinate geometry would seem to exist in this complex.

The magnetic results of Cu2T(0H)(010^)3 2H2O gave a room temperature moment 
of 1.70Bm which fell to 1.43Bm at 93K. Thus the centres are 
antiferromagnetically coupled as, in the analogous VT complex. This ' T'
complex again showed poor fitting of data to the Bleaney-Bowers equation at 
low temperatures and this was attributed to a small amount of paramagnmetic
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impurity. However an estimate of J .was made at -45cm"’. Again the esr 
showed a large zero-field splitting. The esr of this complx is shown in 
FIG.38-5.

The analogous hydroxy bridged BP complex also shows moderately strong 
antiferromagnetic interaction mediated by the single (OH) bridge. The 
temperature dependence of the magnetic susceptibility fits Bleaney-Bowers 
with -2J = -311cm"’ (assuming a paramagnetic impurity of 4%). This
compares with other 2J values in the range to -1000cm"’ <’3=) for
other mono-p-bridged di-copper(11) complexes of known structure. The best 
match<’=^) of exchange parameters J is at (-161cm"’) for a bipyridyl di
copper dimer with a Cu-0(H)-Cu bridging angle of =141.6= and a Cu Cu
distance of 3.645Â.

The ir of compound C233 ie Cu2E(0H) (SC1T).3 indicates both a single atom H 
bridge and a single atom 0 bridge - the other HCS groups being terminally 
coordinated. This implies a coordination number of 5 and indeed complex 
[233 showed the well defined splitting of the 2 electronic transitions, 
dx=-y=, xy 4 dz= and dxz, yz -> dz=, which is associated'^with Dsn, 
trigonal bipyramidal, geometry. The magnetic behaviour is possibly a 
combination of ferro-intra and antiferromagnetic inter dimer interactions, 
requiring 2 sets of data to fit Bleaney-Bowers over the whole temperature 
as in [213 .
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<1) Molecular mechanics predicted that the single bridged structure 19-5 
was unlikely for the 20 membered VT;. this arrangement being considerably 
more stable in the 22 membered macrocycle BP. It was also predicted that 
the doubly bridged pl,l structure 19-4 is equally likely in both ligands. 
Vith respect to the thiocyanate ion, these predictions were upheld by 
experimental results, BP forming both singly and doubly bridged structures 
whereas VT complexes contain only the former bridging assembly. However 
with the azide group VT will form a singly bridged structure C223.

(2) A summary of binuclear l,lp MCS bridged species of the 3 ligands is 
shown in FIG.40 TABLE A.

Using this set of macrocyclic ligands, BP, VT, E, the group were successful 
in preparing >1, 1 MCS binuclear complexes of five members of the first
transition series from Mn(ll) to Cu(ll). The best fit for the M M 
assembly is achieved for M=Mn(11) within the 22-membered macrocycle BP, and 
for M=Co(ll) and Midi) for the 20 membered macrocycle VT. (also possibly 
Cu(ll) although evidence not conclusive). The mono bridged M-M(CS)-M 
assembly occurs within BP for M=Fe (11) Co(ll) and Midi) but is not
observed with VT due to its smaller size. In order to ensure good fit for
either di or mono > MCS bridges with dicopper(11) the ligand E had to be 
employed which, because of the disposition of donor atoms, has a smaller 
effective cavity than VT. Vhen the copper centres are in their monovalent 
form this favours the softer sulphur end giving rise to the ‘S' single atom 
bridged structure.

3/ One of the main aims of this work was to establish whether the
thiocyanate bridge was an effective mediator of magnetic interaction. If 
so, could the nature of the interaction (ie. ferro- or antiferromagnetic) 
be attributed to the mode of bridging (- long pl-3 or single atom -) and 
thus be explained in terms of spin polarization effects. Results clearly 
indicate that while a ferromagnetic interaction may result from a pl-l 
thiocyanate bridge, [20] and [24], any interaction was significantly weaker
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than the relatively strong antiferromagnetic interaction transmitted via 
the hydroxo group or the ferromagnetic interaction via an 'end-on' azide 
bridge. Kahn's proposal^’os.ios) that the unsymmetrical nature of the MCS 
bridging ligand would result in a reduced ability to induce a spin 
polarization effect, was upheld.

Thus, although not a good mediator of magnetic interactions, the 
thiocyanate ion is a useful probe for monatomic bridging distances giving a 
rough estimate of metal  metal separation.
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APPEHDICIES.

Due to the majority of copper complexes in this study, the following 3 
appendices will be discussed in reference to this metal. (The other 
relevant first row transition metals will be discussed briefly at the end 
of each section).

Copper(II) has a d® configuration and is subject to Jahn Teller distortions 
if placed in a field of cubic symmetry. This leads to a large range of 
coordination geometries distorted from normal transition metal geometries. 
Copper(II) also shows a wide range of coordination numbers from 2-8 of 
which 4,5 and 6 are by far the most common.

APPEHDIX 1. ELECTRQFIC SPECTRA.

Two main types of electronic transitions in copper(II) complexes give rise 
to their electronic spectra, viz, pure d-d transitions and charge transfer 
transitions.

The d-d transitions are Laporte forbidden (AL=0). However, various 
mechanisms which exist for the breakdown of this selection rule enhance the 
intensity of d-d absorptions These include:-
1) d-p mixing in non-centrosymmetric systems.
2) vibronic coupling in which strong metal ligand coupling allows coupling 
of a vibrational mode of the molecules with the electronic excited state 
and;
3) intensity borrowing from an energetically near allowed transition 
(usally a charge transfer transition) These give rise to extinction 
coefficents for a Cu(II) d-d transtions, in the range 50-200M~’cm"’.

Often only a single, broad, poorly resolved band is found in the visible 
region. However it is possible to make some general correlations between 
electronic spectra and the copper(II) co-ordination geometry. Jahn Teller
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distortions lead to a tetragonal splitting of the eg level such that dz=̂
lies below d^z-yz. Thus for tetragonally distorted six co-ordinate Cu(II) 
complexes, 3 bands are expected from the energy level diagram FIG.41-1 ie 
dz=-' 4 dx=-y2 , dxy 4 dx^-y^ and dxy,yz 4 dx^-y^. These 3 bands generally 
overlap giving one broad band.

In a trigonal bipyramidal geometry the d orbital splitting is calculated 
for Dsh symmetry giving rise to 3 levels: Ai=z^; E"=xz,yz; and E’=xy, x'̂ -ŷ . 
FIG.41-2. Therefore only 2 d-d transitions are predicted, dx^-y^, xy 4 dz^ 
and dxz,yz 4 dz^.

For a 5 co-ordinate copper (II) ion in a square pyramidal geometry, the Cavn 
point group yields a dx^-y^ ground state FIG.41-2. Thus 3 transitions are 
expected in the electronic spectrum, dxy 4 dx̂ '-ŷ , dz^ 4 dx̂ y'̂  and
dxy,yz 4 dx*-y=. Again, often a broad unresolved band is observed but the 
presence of a poorly resolved shoulder on the low frequency side 
which is often seen is evidence for square pyramidal copper complexes and
contrasts with trigonal bipyramidal complexes which show a shoulder on the
high energy side of the band maximum

Square planar copper (II) complexes are assigned to the D4.1-, point group. 
This gives rise to a dx^-y^ ground state and the possibility of 3 
transitions to dxP-y^ from dz^, dxz,yz and dxy FIG.41-3. This geometry 
occurs widely in the 'CuNa' chromophore.

The deep colour in some copper complexes is often due to the transfer of an 
electron from an orbital localized primarily on the ligand to one primarily 
on the metal, or vice versa. Such charge or electron transfer processes 
are termed ligand-to-metal-charge transfer (LMCT) (metal-to-ligand-charge 
transfer (MLCT) transitions are also known).

The charge transfer processes are closely related to the oxidation process. 
Thus many copper (II) complexes give rise to LMCT transitions because of 
the relatively easy reduction of copper (II) to copper (I). Charge 
transfer bands are spin allowed and Laporte allowed and consequently are
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mare intense cm~‘') than d-d transitions;-they also usually occur
at higher energies.

FIG. 42 gives the splitting pattern for d'̂ '(M=̂ '̂ ) and d^(Co=+) in octahedral 
and tetrahedral fields and the transitions resulting from them.
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APPEITDII 2 ESR SPECTRA.

The relative low symmetry of copper(II) co-ordination environments often 
makes interpretation of electronic spectra difficult. In such cases, 
electron spin resonance (esr) spectroscopy can be used to provide 
information about the electronic ground state and the co-ordination
geometry.

In electron spin resonance the magnetic dipoles of unpaired electrons are 
normally aligned with the applied field causing the degeneracy of the ± % 
spin states of the electron to be removed (Zeeman effect). The energy
difference between the two states is g#H, where g is the gyromagnetic
ratio, ^ is the Bohr magneton and H the applied field strength. For a free 
electron the value of g is 2.0023.

If the electron is associated with a nucleus possessing spin then the 
energy of the electron will depend on which of the possible nuclear spin 
states it is coupled to (Nuclear Zeeman Effect). This gives rise to 
hyperfine structure consisting of 2 1 + 1  (1= nuclear spin quantum number) 
lines of equal intensity.

The d'̂ configuration of the copper (I I) cation means that one of the d 
orbitals contains an unpaired electron. Vhen radiation of frequency ^ is
applied to a copper(II) complex in a magnetic field a net absorption occurs

\when h¥ = ĝ H. This results in an absorption peak and it is the first 
derivative of this peak that the esr records.

Figure 43-1 shows how the esr signal arises for magnetically dilute 
copper(II). Only one transition is possible which obeys the selection rule 
Ams = ± 1 and the signal is shown for the axially symmetric case FIG. 43-1. 
The g I I signal is obtained when the magnetic field is oriented along the 
axial direction (z - axis) and the gj.signal is obtained when the field is 
in the equatorial (x,y) plane. Since in the situation of axial symmetry, 
the JL axes are doubly degenerate, the probability of transition is twice 
that in the parallel axis and hence the gx signal has a greater intensity 
(x2) than the g, , signal. Vhen the unpaired electron couples to the 

\

J \
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copper nucleus, which has a spin I = 3/2, a hyperfine pattern of four 
equally intense lines is produced (FIG.43-2). The hyperfine is usually 
seen in the g, , region (A,, > 120G-200G where A is the hyperfine coupling 
constant) but often unresolved in the gj. r e g i o n . For rhombically 
symmetric copper (II) the x and y axes are not equivalent and therefore \ 
three signals g>.= , gy and g= are observed.

The type of esr spectrum of copper (I I) complexes will be determined by a 
number of factors including the nature of the electronic ground state and 
the co-ordination geometry of the copper(II) i o n . C o p p e r ( I I )  complexes 
with a square based geometry have a dx^-y^ electronic ground state. For 
these complexes, when the applied magnetic field is along the z-axis, the 
dx=-y= orbital can commute into dxy. Thus there will be spin orbit 
coupling and

where X is the spin orbit coupling constant.'^* Rotation of dx2-y2 about 
the X or y axis when the applied field is in an equatorial direction can 
lead to rotation of dx^-y^ into dxy or dyz and • ,  ̂ \ JI

Si = g. + -dk=:p=:d;ÿTÿE-

Thus for copper (I I) complexes with square based geometry g, , > gx > ge = 
2.0023 as the spin orbit coupling constant is positive. The g values
are smaller for square planar complexes than for other square based 
g e o m e t r i e s . The hyperfine splittings. Ai i, are large for complexes 
with square based geometries and A, is often unresolved.

For trigonal bipyramidal<T*2'T^3> copper(II) geometries, the dz^‘ orbital 
contains the unpaired electron. An axial field (z direction) cannot 
commute dz^ into any other orbital geometry and so gn will equal the free 
electron value of 2.0023.

' A
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When the applied magnetic field is in the equatorial (x,y) direction, d^z 
can rotate into d>.;y or dyz with

X =  2.0023 + -55i-;-pid;ÿ7ÿi'

and therefore gi_ > gi i = 2.0023 The Ai i hyperfine splittings are
usually lower than observed for complexes with a dx^-y^ electronic ground 
state,

For binuclear copper(II) complexes in which the copper centres are 
magnetically coupled through a bridging ligand, a zero-field splitting (D) 
of the triplet states occurs (FIG,43-4).

The magnitude of D is determined by both dipolar and exchange 
effects,<T S ' T h e  exchange contribution to D is not proportional to 
the isotropic coupling constant J (which is evaluated by magnetic 
susceptibility measurements: see Appendix 3) but depends on exchange
interactions between one ion in its ground state and the other in its
excited s t a t e , T h u s  binuclear copper systems with large J and small 
D, or small J and large D, are possible, . ,, ,4 +,

As a result of the triplet state splitting, in addition to the AM = 1
transition there will also be a AM = 2 transition which is forbidden by the 
selection rules, and this gives rise to the 'half-band' esr signal shown in 
Figure 43-5, The half-band signal can usually be resolved into a 
relatively isotropic seven line pattern (2nl + 1 = 7 )  due to a hyperfine 
interaction (FIG,43-3), the intensity ratios of the lines often as simple 
as the expected 1:2:3:4;3:2:1. The hyperfine spacing of about 75G is
approximately one-half that found in mononuclear copper(II) 
s p e c t r a , T h e  'triplet-type' spectrum in the AM = 1 region is 
often complicated by distortions from regular geometries and by hyperfine 
splitting patterns on components of the AM = 1 transitions,<^3),
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The intensity of the esr signals depends on the number of unpaired 
electrons which decreases as the extent of interaction between the copper 
centres is increased. Thus, for strongly antiferromagnetically coupled 
copper(II) centres (see Appendix 3) the signal is considerably weakened and 
may eventually be lost (esr silence).

If two copper (I I) ions are not directly bonded and there is no bridging 
ligand present then the copper(II) ions can only interact by dipolar 
coupling. In this case the zero-field splitting (D) has no exchange 
contribution and is inversely proportional to r^ (r is the distance between 
the copper centres), and so the esr spectrum reflects the Cu(II),,.Cu(II) 
separation (Fig, 44), Thus for r > 7Â , D is of the order of 0,01 cm"'' and 
a single transition is observed. As the two centres come close the zero
field splitting can dominate producing a split and broadened AM=1 signal 
and a narrower aM=2 half-band transition. The aM=1 signal can extend over 
a wide magnetic field range.
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APPEHPIX 3

KAGEBTIC PROPERTIES OF di-Cu<II) COMPLEXES.

For binuclear copper(II) complexes there is the possibility of magnetic 
interaction between the 2 paramagnetic copper centres and the complexes can 
be categorized into 3 groups depending on the extent of interaction.

-1- In non-interacting binuclear complexes the magnetic properties of the 
dimer are essentially unchanged from the paramagnetic monomer and thus lie 
close to the spin only value of = 1.73Bm (observed range 1.75Bm-2.20Bm as 
a result of orbital contribution). The moments are independant of 
stereochemistry and temperature (except at extremely low T [<5k3) <1*?)

-2- In the limit of 2 very close copper(II)'s, direct overlap between d- 
orbitals on the 2 metal atoms can occur. FIG,45-1, This results in a 
strong interaction, the new molecular orbitals of the binuclear complex 
formed having an interaction energy of the order of 10,000cm-'. This 
produces a completely diamagnetic ground state and is therefore esr silent.

-3- For binuclear copper (II) complexes in which the 2 coppers are far 
enough apart to eliminate direct overlap, a weak interaction can result, if 
a bridging ligand is present. This bridge provides a superexchange pathway 
between the two d^ metal centres and allows magnetic coupling FIG,45-2, 
which can be of a ferromagnetic (S=l, unpaired electrons) or an 
antiferromagnetic (8=0 spins paired) nature. For copper (II) binuclear 
systems the interaction between the single-ion spin doublet states leads to 
a pair of spin singlet and spin triplet states. Antiferromagnetic 
interaction can cause the singlet state to be hundreds of wavenumbers below 
the triplet state leading to a diamagnetic ground state at room temperature 
in the case of a ferromagnetic interaction the ground state is triplet.

The singlet-triplet separation is given by the exchange coupling parameter 
2J which is defined by the Hamiltonian operator H= -2JSi,S2 where Si and Ss
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are the spins of the two coupling nuclei (81=82=% for di copper(II) 
complexes,) J is negative for antiferromagnetic coupling and positive for 
ferromagnetic coupling, FIG.45-3.

The extent of the superexchange interaction in binuclear copper(II) 
complexes depends largely on the overlap of the 2 magnetic orbitals^* via 
the orbitals of the bridging ligand. The coupling constant J can be
expressed as the sum of a positive ferromagnetic component, Jf , and a 
negative antiferromagnetic component, Ja f ,

J=Jf+Ja f .

both of which will vary with the magnetic orbital overlap density, p

The symmetry of the bridging ligand orbitals and the electron density on
the bridging ligand are the most important factors affecting superoxide
exchange although non bridging ligands have 2 important effects: they
effect the electron density at the metal atom and secondly they affect the 
geometry of the bridging unit through steric hindrance.

To understand these factors which influence exchange there has been
extensive research into the magnetic properties of coupled copper centres 
and correlations in the structural - property relationships of such 
complexes. The magnitude and sign of the coupling constant J for these 
complexes is calculated from the Bleaney-Bowers equation according to
the variation of magnetic susceptibility (Xa) with temperature as a 
function of J. for an antiferromagnetic interaction FIG.46.

A successful correlation, established between the Cu-O-Cu bridging angle 
and/or Cu...Cu distance with J. for the di-p-hydroxo-bridged copper(II) 
dimers is discussed in the text.

A table of the spin-only values and observed moments for the relevant 
transition metal ions is shown in FIG.47
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For the ground state is an state ie, (L=0) and there is no orbital
angular momentum even in the free ion. Hence there cannot be any orbital 
contribution to the magnetic moment and the spin only formula
ps=g(8 (8+l))T/2i applies.

In general the transition metal ions are F or D ground states and possess 
orbital angular momentum. If the orbital motion makes its full 
contribution to the magnetic moments they will be given by

ps+L = (48(8+1) + L(L+l))i/=

ji frequently exceeds p.®, but is seldom as high as because electric
fields of other atoms, ions and molecules surrounding W*' restrict orbital 
motion of the e" so that the orbital angular momentum and hence the orbital 
moments are wholly or partially "quenched”

In some cases (eg. d"̂' (Hi=^) in octahedral and â7 (Co^^) in tetrahedral) 
one expects total quenching of L but these systems often deviate from the 
spin only behaviour, and when the effect of spin-orbit coupling is 
considered, it is found that orbital angular momentum is mixed into the 
ground state (ie Tig(P) and A%g(F)) from the first excited state of the 
system - this leads to an increase from the spin only value.
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Introduction to Cyclophane Chemistry

Cyclophanes are simply macrocyclic compounds which incorporate aromatic 
rings into the macrocyclic skeleton. If the aromatic ring is a heterocycle 
eg. pyridine, pyrrole, furan, thiophene etc then the system is referred to 
as a heterophane. In some cyclophanes the aromatic rings are auxiliary 
binding sites or rigid structural units ie. crown ethers or cryptands 
having aromatic rings, cyclophane porphyrins etc. In others, the aromatic 
rings are the major binding sites. Thus, cyclophanes are characterized by 
their aromatic rings which may in principle act as rigid structural units, 
as hydrophobic and/or van der Vaals binding sites and as m donor or 
acceptors. These aromatic rings confer on the inclusion cavities well 
defined structure and depth. However the larger ring structures tend to 
make their conformations less rigid than those of their smaller analogues. 
Therefore it is important to determine which of the possible conformations 
is preferred in solution and for this purpose various spectroscopic studies 
have been carried out, mainly in nonaqueous media.

Cyclophane chemistry has undergone a virtual explosion since the widespread 
introduction of nmr spectroscopy as a common organic characterization 
technique. Indeed today, the word cyclophane is almost synonymous with an 
unusual ' H nmr spectrum. Although the assignment of the structure of 
cyclophanes was relatively straightforward throughout the 70's, current 
easy access to high field nmr Instrumentation suggests that a rapid 
expansion of our knowledge of cyclophane properties will again occur. This 
is because very detailed stereochemical assignments which were often 
impossible with other low-field instruments can now be made. Thus nmr 
techniques have been used to assign stereochemistry in the fixed (smaller) 
cyclophanes.These are phanes in which steric constraints prevent 
interconversion between possible conformers and thus the structure exists 
in a simple conformation. The signals in the nmr spectra are sharp and 
essentially temperature independent. On the other hand many larger 
cyclophanes are mobile and restricted conformationally at room temperature 
and can exist in a number of differnt conformations; their 'Hnmr give an 
average of the spectra of all conformers. Usually the signals are never
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completely frozen out into the discrete conformers indicating that 
conformational exchange is rapid on the nmr time scale. However broadening 
and incipient separation of the signals are sometimes observed at lower 
temperatures indicating restricted conformational mobility.

inCLEAR HAGSETIC RESOHAHCE SPECTROSCOPY (HHR)

This technique gives information about the number of each type of hydrogen 
and the nature of the immediate environment of each of these types of 
hydrogen atoms.

BASIC. THEQKY

Any atomic nucleus possessing either odd mass number or odd atomic number 
or both has a quantized spin angular momentum and a magnetic moment. For 
each of the nuclei with spin, the number of allowed spin states which it 
may adopt is quantized and is determined by its nuclear spin quantum number 
I. For a given value of I there are 21+1 allowed spin states which range 
from +I to -I. For the hydrogen nucleus (ie the proton) I=% and thus it 
has 2 allowed spin states; ±%. In the absence of an applied (external) 
magnetic field, Ho, all the spin states are degenerate and equally 
populated, with equal numbers of atoms having each of the allowed spins. 
However in an applied magnetic field these spin states are not degenerate 
because the nucleus is a charged particle and any moving charge generates a 
magnetic field of its own. Thus in an applied magnetic field all protons 
will have their own magnetic moments either aligned with the field (+% -
lower energy) or aligned against the field (-% - higher energy) FIG.1-1.
The nuclear magnetic resonance phenomenon occurs when nuclei aligned with 
an applied field are induced to absorb energy and change their spin 
orientations with respect to the applied field FIG 1-2. The energy 
absorption is a quantized process and the energy absorbed must equal the 
energy difference between the 2 states involved.

Eaib® = (E-wstate - E+m state) = hv
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This energy difference is a function of the strength of the applied
magnetic field, Ho. FIG 1-3. The stronger the applied magnetic field the 
greater the energy difference between the possible spin states:

AE = f(Ho)

When Ho is applied, the nucleus will precess about its own spin axis with 
an angular frequency w FIG 2; the frequency of precession is directly 
proportional to the strength of the applied magnetic field. Since the 
nucleus has a charge, the precession generates an oscillating electric 
field of the same frequency. When the frequency of the oscillating
electric field of the incoming radiation just matches the frequency of the 
electric field generated by the processing nucleus, the two fields can 
couple, and energy can be transferred from the incoming radiation to the 
nucleus, thus causing a spin change. This condition is called resonance.

Not every proton has resonance at exactly the same frequency because each 
proton is influenced by the field of the electrons from neighbouring 
nuclei, which serves to differing extents to shield them from the
environment. In Ho, the circulating valence electrons of the protons
generate counter magnetic fields which oppose Ho. Each proton is therefore 
shielded from Ho to an extent that depends on the electron density in its 
neighbourhood - thus each proton, which has a slightly different electronic 
environment from its neighbours, will have a slightly different resonance 
frequency. These differences are very small (Ippm) and no attempt is made 
to measure the exact resonance frequency of any proton. Rather, by means 
of an internal standard, the frequency difference of the signals are 
measured. This reference is tetramethylsilane (TMS) in which the protons 
of its methyl groups are more shielded than those of most commonly 
encountered compounds. Thus when a compound is examined, the resonance of 
its protons are reported in terms of how far, in Hz, they are shifted from 
TMS. The chemical shift, 6, where

(shift from TMS in Hz)
S=

(spectrometer frequency in MHz)
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is a parameter which is independent of field strength, and it expresses the 
amount by which a proton resonance is shifted from TMS in ppm of the 
spectrometers basic operating frequency. Typical spectrometers use a 
constant frequency and vary Ho to bring each proton in turn into resonance. 
Since highly shielded protons precess at a slower rate than relatively 
unshielded protons it is necessary to increase the field to induce them to 
precess at the frequency of the instrument. Hence highly shielded protons 
appear close to TMS at the right of the spectrum (high/up field) and less 
shielded protons appear down/low field.

Protons in a chemically identical environment often exhibit the same 
chemical shift thus giving rise to only one signal. The protons are said 
to be chemically equivalent. The area under each signal is proportional to 
the number of hydrogens generating that peak. The spectrometer 
electronically "integrates" the area under each peak by tracing over each 
peak a vertically rising line the height of which is directly proportional 
to the area under the peak. The integral line does not give the absolute 
number of each hydrogen, rather the relative number in the simplest ratio- 
of each type of proton.

CHEMICAL BMIROHMEIT & FACTORS AFFECTING THE CHEMICAL SHIFT

Not only do different types of proton have different chemical shifts d, 
they also have a value of S which is characteristic of the type of proton 
they represent. Each type of proton usually exhibits a limited range of 6 
values over which they give resonance FIG.3. Hence the numerical value (in 
6 units) of the chemical shift gives a clue to the type of proton 
originating the signal eg. aromatic protons have resonance near 7-8# due to 
ring current deshielding effects (discussed below). These values are not 
invariant and several factors strongly influence the chemical shift values.

-1- ELECTRONEGATIVITY EFFECTS - Electronegative substituents reduce the 
electron density around the protons and thus reduces the shielding of that 
proton. The greater the electronegativity of the substituent, the more it 
"deshields" protons and the greater is the 6 value of those protons.
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-2- HYDKOGEÏ BOIDIÏG; EXCHAITGEÂBLE HYDROGEÏS.- Protons which can exhibit 
hydrogen bonding (OH, NH, NHs) exhibit extremely variable absorption 
positions due to the time averaged picture of bound and free protons as 
"seen" by the spectrometer. The more strongly hydrogen bonded a proton, 
the more deshielded it becomes. The bound;unbound equilibrium is usually 
affected by concentration and temperature.

-3- HYBRIDIZATION AND MAGNETIC ANISOTROPY EFFECTS.- On the basis of 
hybridization alone one would expect a greater chemical shift for 
acetylenic protons ("sp") than the vinyl proton (sp=) which in turn should 
be greater than hydrogens attached to purely sp® carbon atoms. This is a 
result of the decrease in 's' character of the C-H bond. 8 orbitals hold 
their electrons more tightly and by increasing the s character of the bond 
it behaves as if it were more electronegative. For sp® carbon-hydrogen 
protons, the resonance range is 0-26“ (except when the carbon is attached to 
an electronegative heteroatom, a greater value of S is observed) sp® or 
vinyl carbons, have resonance in the range from 4.5 to 7S because of the 
increased s character. Aldehyde protons (also attached to an sp® carbon) 
appear even further downfield (9-105) since the inductive effect of the 
electronegative oxygen further decreases the electron density on the 
attached proton. However acetylenic protons, which we would expect to lie 
at S values greater than those observed for the vinyl protons appear at 2- 
35. This is due to the presence of an unsaturated system (ie IT electrons) 
in the vicinity of the proton in question.

When a m system, eg benzene, is placed in a magnetic field the tz electrons 
in the aromatic ring systems are induced to circulate about the ring (ring 
current). This generates a magnetic field which covers a spatial volume 
large enough that it influences the shielding of the benzene hydrogens. 
FIG.4-1. The benzene hydrogens are said to be deshielded by the diamagnetic 
anisotropy of the ring (anisotropy;non uniform) If a proton is placed over 
the centre of the ring rather than on its periphery it is shielded since 
the field lines there have the opposite direction. The magnitude of the 
anisotropic field diminishes with distance and beyond a certain distance 
there will be essentially no effect due to anisotropy. All groups in a 
molecule which have % electrons generate these secondary anisotropic fields
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FIG.4-2. Protons falling within the cones (+ areas) will be shielded while 
those falling outside the conical areas will be deshielded - thus the 
acetylenic 'sp’ protons are shielded.

SPiy-SPiy SPLITTING ASP THE COm iFG CPHSTM T  J,

The phenomenon of "spin-spin" splitting reveals how many adjacent hydrogens 
there are to each type of hydrogen giving an absorption peak. Each type of 
proton ’senses’ the number of equivalent protons (n) on the carbon atom(s) 
next to the^ one to which it is bonded. These protons are said to be 
coupled and the magnetic environment of the proton is affected by whether 
the adjacent protons have a net +% or net -% spin state. Except in unsusal 
cases spin-spin splitting ie coupling, occurs only between hydrogens on 
adjacent carbon atoms.

Thus the ethyl group , (CHs-CHz) gives a triplet and a quartet in the 
spectrum. This is explained by considering FIG.5. The intensity ratio of 
the multiplets derived from the n+1 rule (where n=no.of adjacent equivalent 
protons) follow the values obtained from Pascals triangle. The magnitude of 
the ’’spin-spin” splitting arising from coupling is field independent, and 
thus the same irrespective of the frequency of spectrometer used, ie the 
amount of coupling is constant. The parameter, J, which is the coupling 
constant, gives the distance (in Hz) between the peaks. FIG.5-4. ;

The relationship between S and J for the ethyl group in ethyl iodide is 
given in FIG. 5-5. While 6Ez will be much larger in the lOOMHz spectrum 
(NOTE 6 (ppm) will be the same in both spectra) the coupling constant 
remains at 7.5H= in both spectra. The magnitude of J can often provide 
structural and conformational clues and this is considered in later 
discussion.

THE.HECHAyiSH QF. COOPLIRG; CQÜPLJfia-CQISIAHÎS..

The Dirac vector model^ ̂ gives the best theory of how the spin of one 
proton influences that of another. The model proposes that the lowest 
energy interaction of the nuclear and electronic spins occurs when the spin
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of the nucleus is paired with that of the electron FIG. 6-1. However 
exhibits no spin and thus the spin coupling is as shown in 6-2. In a 
typical hydrocarbon this spin coupling situation in one C-H is coupled to 
that in adjacent C-H bonds. Since the rC-C bond is orthogonal 
(perpendicular) to the rC-H bonds, the electrons cannot interact through 
the O' bond systems, rather interaction occurs via the small amount of 
parallel orbital overlap that exists between adjacent C-H bond orbitals
FIG.6-3. This allows spin interaction between the electrons near the 2 
carbon nuclei. That this picture is essentially correct has been shown in 
that J, a measure of the interaction, depends directly on the dihedral 
angle a between these two bonds FIG.7-1,7-2. The magnitude of the "spin- 
spin" splitting between Ha and Hb is largest when a=0^ or 180* and is
smallest when a=90? This agrees with the Dirac model since when the 2 C-H 
bonds are orthogonal (a=90) there is little or no orbital overlap and thus 
little or no splitting of the absorption peaks. The coupling between 
protons on adjacent carbon atoms is called vicinal coupling whereas geminal 
coupling refers to protons on the same carbon atom. FIG, 8. This coupling 
often does not lead to any spin-spin splitting, as the protons are in 
identical magnetic environments and have the same chemical shift. Thus the 
3 protons in methyl iodide give one signal - they are said to be
magnetically equivalent protons. Evidence that geminal coupling exists 
comes from the nmr studies of conformationally rigid cyclic compounds 
(later discussion)

The mechanistic picture for geminal coupling also invokes nuclear-
electronic spin coupling as a means of transmitting information from one
nucleus to the other. FIG.9-1,9-2. The amount of splitting ie, geminal
interaction, has been shown to be dependent on the HCH angle a FIG. 9-2.
When the protons on the same carbon are magnetically nonequivalent (ie
different f), spin-spin splitting is observed and thus the n+1 rule no 
longer applies. One must then examine each proton individually taking into 
account its coupling with every other proton (remembering that each 
coupling is independent of each other). A spin-spin splitting diagram 
FIG. 10 also called a tree diagram is a convenient technique for the 
analysis of splitting patterns.
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SECQID ORDER SPECTRA

Spectra which can be interpreted using the n+1 rule are said to be first
order spectra - to observe such a spectrum the ratio of the chemical shift
difference <Av) to the coupling constant (J) (both in Hz) must be large - 
ie Av/J>10. Spectra requiring more advanced analysis are said to be second 
order spectra. These occur where the difference in S betweem the two 
groups of protons is similar in magnitude (in Hz) to the coupling constant 
J (in Hz) which links them ie Av/J=l.Thus second order spectra are observed 
for coupling between nuclei which are nearly equivalent but not identical. 
FIG. 11 shows how the splitting pattern for a two proton system Ha,Hb 
changes as the 6 of Ha and He come closer together and the ratio AV/J 
becomes smaller. When <S'Ha=<SHb AV/J=0 and no splitting is observed - both 
protons give rise to a single absorption peak.

While the central point of a doublet gives the 6 of the proton in a simple 
first order spectrum, the situation is more complex in second order 
spectra. The shift of a particular proton is found closer to the inner 
peaks and is calculated from

(fA-fs) = (fi-f*) (fz-fs) of FIG.12

S of Ha and He are then displaced %(&A-#B) to either side of the centre of
the group.

Each chemically different type of proton is given a letter - protons of 
similar 6 are assigned letters that are close together in the alphabet 
(A,B,C etc) whereas protons of widely different S are assigned letters far 
apart (XYZ v's ABC). Thus a 2 proton system giving rise to a simple first 
order spectra (Av/J>10) is termed an AX system while an AB system is the 
usual term where a second order spectra (protons having similar 6) is 
observed. Where 2 protons have identical S giving only one signal the 
system is designated Az. The subscript indicates that there is more than 1 
proton of that type. FIG. 13 - the splitting pattern for a four proton 
system (-CHz-CHz-) for various ratios of Av/J summarises this.
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PROTOirS OT JITROGCTS. y/ t

In simple amines, as injalcohols, intermolecular proton exchange is usually 
fast enough to decouple spin-spin interactions between If-H and adjacent C-H 
protons. This results in a single sharp unsplit singlet for the amino 
protons - the a carbon protons are also unsplit. However has a nuclear 
spin. 1=1, and thus can adopt spin states, +1, 0 and -1. When I=% there is 
a small electric quadrupole^moment and a spherical distribution of charge. 
When I>% there is an ellipsoidal distribution of charge, FIG.14, which 
gives the nucleus an "internal dipole moment" - the electric quadrupole 
moment. This makes the nucleus more sensitive both to interaction with 
Ho and the perturbations of the valence electrons and/or their enviroments. 
Thus they undergo relaxations at a faster rate than spherically symmetric 
nuclei and have very short lifetimes in the nuclear excited states. In 
many cases the transition rate of the nitrogen is very close to the rate at 
which 'Hnmr absorption is taking place. In these cases hydrogen is only 
partially decoupled from nitrogen ie the proton is ' less sure of what it 
sees' and thus the absorption peak of the H-H proton broadens. This 
phenomenon is called nuclear quadrupole broadening of the nmr absorption 
peak.

l^C IHR SPECTROSCOPY.

Although has 1=0 and is thus nmr silent, ''®C has I=%. However due to
its low natural abundance <1.1% of all carbon atoms) and its low magnetic 
moment, the resonances are = 6000 times weaker than 'H. ’'=̂ 0 gives 6 
<in ppm) and the shifts cover an extremely wide range of up to 200ppm (cf'H
=20ppm). Thus even adjacent -CHa - carbon atoms in a long chain
hydrocarbon have their own distinct resonance peaks. C atoms usually only
have the same 6 when they are equivalent by symmetry. Integrals are 
unreliable because they are obtained by Fourier Transformation of the decay 
signal and relaxation effects dominate the decay pattern. Also Integrals 
are not necessarily related to the relative number of atoms.
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Spin-spin splitting resulting from 2 adjacent is rare due to the very
low probability of finding two next to each other. splitting may
lead to very complicated spectra and it is customary to decouple all the 
protons in the molecule by irradiating them all simultaneously with a broad 
spectrum of frequencies in the proper r a n g e . I n  such a decoupled spectrum 
each peak represents a different C atom. '■

One of the most powerful features of the'^c technique is that it allows a 
determination of the number of different C atoms in a molecule and thus 
allows for recognition of equivalence or a symmetry element.

HÏÏCLEAR OVEPHAÏÏSEP EMAlfCEMEIT (HQE) EXPERIHEHTS

The preceding discussion has centered on through-bond J-coupling phenomena 
that take place in the xy plane. In contrast spin lattice relaxation (see 
Appendix is a through space effect which contains information about the 
distances between spins - it is concerned with the return of magnetization 
to the equilibrium position along the z axis following some perturbation. 
FIG. 15 shows (1) the energy level diagram for two protons I and S which are 
relaxing each other but are not J coupled, and <2> the equilibrium 
population distribution. The spectrum of I consists of 1 line 
corresponding to transitions 1,3 and 2,4. The transition probability for 
relaxation by this process is Vi i. The single peak for S, arises from the 
transitions 1,2 and 3,4; Vi« is the transition probability. Vz is a 
double-quantum process corresponding to the simultaneous relaxation of both 
spins, while Vo is a zero-quantum process corresponding to a mutual spin 
flip. This process gives no net relaxation but leads to the excess energy 
being moved from one spin to another. As the intermolecular separation 
between I and S increases, the efficiency of relaxation decreases as does 
the intensity of the field produced by their interaction. Quantitatively, 
there is an r~® dépendance of relaxation rate: thus doubling the
internuclear separation decreases the relaxation rate by a factor of 64.

If the spin of S is saturated by irradiation, there is , initially, no 
change in either of the populations linked by Vi« and Vi r (Figl5<l) with
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levels 1 and 3 having lost equal amounts of population to levels 2 and 4 
respectively (FIG. 15-2) so if the state of the spin system is read by a 
pulse immediately after such a short pre-irradiation is turned off there 
will be no S signal and a normal intensity singlet for the I signal. If 
irradiation of S is continued for a longer time, then a new population 
distribution gradually develops as relaxation occurs through Vz and Vo. 
Vz increases the intensity of the I transitions by attempting to establish 
a Boltzmann distribution between levels 1 and 4 while Vo decreases the 
intensity of I by equilibration of levels 2 and 3. The resulting net 
change in the intensity of I as a result of the competition of Vz and Vo is 
the Buclear Overhauser enhancement. An increase in intensity is a positive 
IDE FIG.15-3 which is normally found in relatively small molecules where 
the rapid tumbling of spins means that Vz>Vo.

nOAKIC EKR STUDIES.

Conformation changes in molecules are now quite commonly studied by 
variable temperature nmr (V.T. .fnmr). Useful references on this aspect of 
nmr include 2-6. '

Many conformational changes are brought about by rotation of a bond. In 
such a rotation there are energetically favoured positions of the 
substituents eg a planar arrangement is most favourable for the 
substituents on 2 carbon atoms joined by a (p~p) x band. The dependence of 
the energy on the angle of rotation about the double bond is shown in 
FIG. 16. To convert isomer A into isomer B, AG*AB, the free energy of 
activation must be supplied. The reverse isomerization AG*»b a , differs from 
AG*AB by aG°. The magnitude of the free enthalpy of activation determines 
the rate of the thermal isomerization. If AG* > 23 Kcal/mol the isomers 
are stable at room temperature; smaller AG* values lead to more or less 
thermal isomerization, the rate constant, kr, of which is reJal.ed %o AG*" if), 
accordance with the Eyring equation'
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kbT
kr = ---  e-<aa/KT) Eoa 1.

h
(KB=Boltzmnn constant; h=Plancks constant; R = gas constant; T = absolute 
temperature)

AG*» = 4.57T(10.32+logT/Kr)

Separation of isomers is possible if the mean lifetime is of the order of a 
few hours or more ie Kr < 1Q-* sec-i or AG** >23Kcal mol"’ (25=C)

The conditions for nmr spectroscopy studies are particularly favourable 
when R’=R^ in FIG. 17. A and B are then chemically identical (degenerate 
isomers) However if X and Y are different, R’ and R= are no longer 
equivalent and rotation leads to exchange of R’ and R= 'Slow' 
isomerization <Kc<ÏÏAV/2‘*) where AV = signal splitting without exchange) 
leads to 2 separate signals for R’ and R^ FIG. 18-4 while fast rotation 
gives only one signal with an intermediate chemical shift FIG.18-1. For 
thermally induced rotations the shape of the signal in the transition 
region 18-2,18-3 can be used to determine the rate constants. The theory 
of line broadening is well developed*^with respect to conformational 
changes, and several methods of evaluation are available•(a) approximation 
equations (b) by graphical evaluation of certain spectral 
features/parameters (c) computer matching of measured and calculated 
spectra, (The work in this thesis was concerned with method (a) only).

FIG.18 shows the situation when 2 atoms (or groups) with initially sharp 
signals of equal intensity (18-4) undergo chemical exchange (uncoupled AB 
case). For evaluation by approximation equations, parameters such as line 
separation, Av^®), and the coalescence temperature*-'®^, are found from the 
spectrum. The coalescence temperature (Tc) is the temperature at which the 
2 signals just coincide FIG.18-2. Kc - the rate of chemical exchange at Tc 
is given by

Kc = %Av/2* = T-1 EQH 2
(Av - line separation (Ha) without exchange), t  = relaxation time) 
for the uncoupled AB case.
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For the coalescence of an AB type spectrum to Aa there ls<®>

Kc = F (A v =  + 6J=)*/2* EQK 3
<J - coupling constant for the nuclei A and B)

The free enthalpy of activation a G**t  can be calculated from the rate 
constant Kr by means of the Eyring eqn (EQÏÏ.1), ,

ksTc ^
 = A (A = frequency factor) \£.

h

then Kc = Ae-<aac/RTc) EQN. 4

The rate of intramolecular rotations and inversions, like that of other 
reactions, also depends on the solvent and on the concentration of the 
solute. Free rotation about a bond in a molecule may be sterically and 
electronically hindered — the latter due to resonance effects which give 
the single bond partial double bond character.

The systems of interest in the current study have imine (C=N), functions as 
well as bridgehead nitrogens, which may contribute to rotation and 
inversion — and thus these 2 possibilities for the syn and anti 
isomerization of imines - are briefly considered at this point.

EQTATIQg (FIG.19). During a rotation the substituent, Z, describes a 
circle about the axis of the C=If bond ("out of plane" isomerization ). The 
process is favoured by polarization of the CK double bond. The sp= 
hybridization of K and hence the bond angle C—N—Z is retained.

IKVEESIQIf (FIG. 20) The K—Z bond swings in the bond plane of the imine 
system from the syn into the (identical) anti position ("in-plane" 
isomerization). The bond angle C—N—Z increases to 180° in the transition
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state. Therefore the C=N double bond is, to a first approximation,
unaffected.

The inversion of the nitrogen pyramid in amines is known to proceed via a 
planar state by a change in the hybridization of the IT atom from sp=" to
sp=. The barrier in ammonia and in amines is so low (<6Kcal/mol) that it
is difficult to detect by nmr. In ring compounds this barrier is usually 
higher (especially in small membered rings). This is because in the planar 
transition state the N is sp^ hybridized so that the bond angle must 
increase to 120“=' during the inversion. When the nitrogen is incorporated 
into a small ring however, the necessary spreading is hindered ie the
activation energy increases.

COHFQRMTIQir QF SATURATED RIITG CQKPQÜÏÏPS.

Early nmr investigations of the conformation of ring compounds were mainly 
centered on cyclohexane and its derivatives. The cyclohexane ring can 
adopt various shapes FIG.21 and any single cyclohexane molecule is in a 
continuous state of flexing into different shapes. However only the chair 
form has the favourable staggered - hydrogen structure in which repulsions 
between the bonding electrons to the hydrogen atoms are minimized FIG.22. 
The eclipsing of the hydrogens, as in the boat form increses the energy of 
the molecule. The energy requirements for the interconversion of the 
different conformations are shown in FIG.23. At any given time about 99.9% 
of cyclohexane molecules are in the chair form. Thus the single proton 
resonance absorption band observed at room temperature is attributed to the 
rapid chair-to-chair interconversion FIG.24. The rapid equilibrium 
averages the chemical shift difference between the axial and equatorial 
protons since the process of interconversion (brought about by partial 
rotation of each C-C bond) puts an equatorial (eq) H into an axial position 
and vice versa FIG.25. As the temperature is decreased the signal shows a 
progressive broadening of the absorption band until at -70=C 2 distinct 
bands appear<i°>: the signal at lower fields being assumed to be that of
the equatonal hydrogen nuclef’.N The chemical shift difference between ax

origin in a long range shielding effect
r ■"\\0 .

and eq^ protons probably has its

VJ
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(
connected with the diamagnetic anisotropy of the/C-C bond. For the above 
equilibrium., Tc=-66.5®C and AG'** = 10.1 Kcalmol~'*. It is, however, only 
when the cyclohexane ring is ' locked* and made conformâtionally rigid by 
substitution on the ring, that information about the coupling constants for 
the axial and equatorial protons in the various vicinal and geminal 
relationships may be obtained.

When a substituent is in an axial position - there are repulsive 
interactions between the substituent (eg a CHa group) and the axial 
hydrogens on the same side of the ring (FIG. 26) Thus at room temperature 
about 95% of methyl cyclohexane molecules are in the conformation in which 
the methyl group is equatorial. The bulkier the group, the greater is the 
energy difference between the axial and equatorial conformers. When the 
substituent is the tertiary butyl group the energy difference is quite 
large (5.6Kcal/mol) and t-butyl-cyclohexane is essentially, "frozen" in the 
conformation in which the t-butyl group is equatorial. This allows 
investigation of the coupling constants. (FIG.27). The observed magnitude 
of the coupling constants show a close correlation between dihedral angles 
in vicinal relationships and the HCH angle oc, in the geminal coupling 
situation (cf FIG.7-2 and 9-2 respectively). Thus when a=180°, in vicinal 
coupling there is a large coupling (Jaxax* J=10-14H=) . resulting from 
effective overlap of the orbitals. However the other vicinal couplings- 
Jax,eq* a=60= & J=4-5 Hz) shows a smaller coupling due to less effective 
orbital overlap.

For geminal coupling, where a=109= there is a large orbital interaction and 
this is reflected in the magnitude of the coupling constant Jgem = 12-18Hz

Early work on the mono, di and higher halogen substituted cyclohexanes 
sufferred from lack of resolution and thus overlapping signals, due to the 
low frequency spectrometers available. However in the chloro<T='i3>, 
bromo<T3,i3)| and fluoro<T^> derivatives the broader band of the 2 
methylene signals was attributed to the axial proton signal resulting from 
the larger coupling between axial protons. «

, , v : '
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A particularly useful reference compound for the systems under discussion
in this thesis is the heterocyclic 6-membered ring compound M ’-
d i m e t h y l p i p e r a z i n e < T s >  fIG.28. At room temperature the 'H spectrum of the
compound in CH2CI2 shows a fairly sharp low field band from the ring
methylene protons. From Tc = -27.5=C and the exchange broadened single
peak near the fast exchange limit, (Av), the energy conversion between the
2 identical chair forms FIG.29 was estimated at 13.3 Kcal/mol. At -40"C . ̂ : ......- v/v?
the low field band resolves itself into an AA'BB' type spectrum, (ie. 4 9-̂
magnetically non equivalent nuclei forming 2 sets of symmetrically 'i ̂  
equivalent nuclei separated from each other by a chemical shift which is = 
to the coupling constants involved). The AA'BB* analysis yielded the 
following constants-Jaxax'=7.43H2 Jaxeq(Jgem) =13.2Hz, Jeqax'=2. 4Hs>. The 
chemical shift difference between the axial and equatorial hydrogen nuclei 
is 0.27ppm

The inversion frequency about the nitrogen atom in a 6 membered ring is
similar to that for ammonia and therefore the methyl resonance remains
sharp at all the temperatures used. Reeves and Stromme noted<T^> that 
increasing the bulk of the substituents may be responsible for the
significant increase in energy barrier (per mole) in the seides:
cyclohexane 29.7 Kcal; chloro and bromocyclohexane ,10.9 Kcal; brans-1,2- 
dichloro and traiis-1,2, dibromo cyclohexane, 1.8 Kcal and M' 
dimethylpiperazine 13.3 Kcal.
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SELECTED maPLES OF CYCL0PHAFE8 ATÏD THEIR VSR STUDIES

Only one example of a small fixed cyclophane, [2:2] metacyclophane, will be 
discussed in this section to show what factors affect the nmr spectra of 
cyclophanes. Firstly though, a brief look at the naming of .these 
compounds. The word 'phane' is the root for all bridged aromatic 
molecules. To this is prefixed the class name of the aromatic ring(s) that 
is (are) bridged (eg meta, para, pyridino, furano,...). Proceeding the
full name is, at least, 1 set of numbers. The size of the bridge(s) is 
shown in square brackets. If the position of substitution of the aromatic 
nucleus is not indicated by the prefix (meta (2,6), para(1,4)) then these 
are given in parenthesis after the square brackets.

For [2.2] metacyclophane, FIG.30-1, the upfield shift of the internal 
protons Hi to f4.20<T^>, from their normal position of= 67.0 in meta-xylene 
is a result of shielding by the opposite benzene ring. This is well
investigated^'^) and substantiated in terms of ring current theory<'®-\ 
Indeed a recent publication shows an extreme case ol sb]el ding jn a
series of small strained cyclophanes FIG.31-1 to 31-5. I he metbine proton
is directed towards the center of the nearby aromatic ring and as a result 
of their extreme proximity, the signals of the methine proton appears 
upfield from IMS. FIG.31-2, shows the greatest shielding with the methine 
proton signal appearing at -4.03ppm (ie.4.03ppm up field from TMS)
The non equivalent AA'BB' bridge protons in [2.2] metacyclophane have a 
fixed staggered arrangement between -80 and +90=C with at &2.04 and H«q 
at f3.05<=o). The analogous 8-16 dimethyl derivative, FIG.30-2, behaves 
simdlarly<^'> with the internal methyl protons appearing at dO.56, 
considerably shielded from those in 1,2,3-trimethyl benzene (62.15). The 
difference in shielding of Hi in Fig. 30-1 (A6=2.75ppm), and of CHs in
Fig.30-2 (A6=1.6ppm) may reflect different conformational geometries in the 
2 structures in which the Ce-Cis distance is somewhat greater (0.13Â) in 
the methyl substituted case. This is rationalized by the fact that the 
methyl protons will be further out of the plane along the Z axis and hence 
will be less shielded<^^>. Both 30-l<^°> and 31-2<^^) have been shown by 
X- ray to have the stepped anti structure as shown.
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The Introduction of a double bond into one or both of the bridges of 30-1 
and 30-2 still leaves the molecules conformâtionally rigid but it has a 
rather dramatic effect on Hi<=a.=s, which in the case of 30-1,ene increases 
to <S“5.62 and for 30—1,1,9 diene, to f7,90. This deshielding effect, which 
Is greater for Hi than Mei, has been explained an anisotropic
effect of the double bond.
Two compounds exist for the double metacyclophanes 32-1,32-2 RT=R==H,
32 3, 32-4 R’-R-^-CHs and 34-5, 34—6 R^=H, R^=CHa which have been assigned 
the up-up (uu> and up down <ud) stereochemistry in each case. All internal 
protons are shielded and thus the structures have been assigned the anti 
conformation. The ud conformer 32-6 was assigned its 'structure on the 
basis of an ROE enhancement of He when the CHs was irradiated, whereas 32-5 
showed no such effect.

For the larger phanes there is a degree of conformational mobility and it 
is important to determine the preferred conformation of the aromatic rings. 
In paracyclophanes there are 2 extreme conformations<=e,29). face. FIG.33-1 
and lateral (edge). 33-2. The face conformation allows inclusion cavities 
with a sufficient depth whereas the lateral conformation fills up the 
cavities so that inclusion of guest molecules is not favoured. This 
conformation problem can be examined by observing 'Hnmr chemical shift 
of the aromatic protons. If the face conformation is preferred the protons 
of each aromatic ring will be in the shielding region of the other aromatic 
ring(s). As a result the signals of the aromatic protons of the cyclic 
compound will appear at higher field than those of the acyclic reference 
compound having aromatic rings that are presumed to rotate freely ie. there 
is a negative cyclization shift in the aromatic protons—:

A6“(cyc) = 6 cyclophane - S acyclic reference ppm.

This is the case for a number of the larger cyclophanes and moderate Afcyc 
values of -0.1 to -0.5ppm have been observed<=s-30). In addition this 

effect should be stronger with decreasing size of the macroring. ̂ 
Detailed studies were carried out by Tabushi and co-workers<=e,3i> [2"*] 
paracyclophane FIG.34-1 and its derivatives 34-2 to 34-8. The signal for 
the ethylene protons of 34-1, a singlet at room temperature, splits into
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two doublets at temperatures below -85=C. This splitting is attributed to 
a restricted twisting of the ethylene chains, and the two signals are 
assigned to the protons frozen in axial and equatorial sites FIG.35. In 
contrast the signal of the aromatic protons show only little line 
broadening indicating that the motions of the benzene rings are not greatly 
restricted. In such circumstances the 6 of the 2 ethylene protons would 
reflect the average, orientation of the benzene rings. The observed 
chemical shift difference of Hax and Heq (A6'obs=0.51ppm) was compared with 
the theoretically calculated values for the 3 extreme states of the benzene 
ring orientation-

all face conformation, Afcalc = l.Oppm

all lateral conformation Alcaic = Oppm

non restricted rotation with freely
rotating benzene rings A&calc = 0,12pmm.

Comparison of the observed value with the calculated value may suggest that 
the benzene rings still vibrate or rotate to produce a statistically 
averaged shielding effect but that the face conformation is favoured in a 
statistical sense. (==' A: ''' fib

Vhen the aromatic ring has a bulky or an electron withdrawing substituent 
(eg.34-2 to 34-5 and 34-8) the lateral conformation tends to be favoured, 
possibly by steric repulsion and by dipole-m interaction respectively.
FIG.36 Although many cyclophanes in solution adopt the face conformation 
this is not alway the case as exemplified by 34-2, to 34-5 and 34-8 but 
also by 37-1 and 37-2. In 37-2 and related compounds a planar conformation 
tends to be favoured because of the conjugated s t r u c t u r e .

Triple layered cyclophanes have been synthesized<==>FIG.38. For the case 
of 38-1 it seemed that if each pyridine ring were essentially perpendicular 
to the central benzene ring direct interaction between the 2 pyridine 
nitrogens might be possible. In 38-2 this interaction may result in the 
expulsion of Cl~ to give the ion 38-3. The low temperature (-70 “O
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spectrum of 38-4 showed 3 aromatic signals at <S7.5 (He ), <Î5.82 <Hh>) and 
<S'4.41<H«k) (1:2:1 Intensity) At room temperature only 1 signal at <5“5.9 is
observed. This can be explained if the system exists as a mixture of 
interchanging conformers 38-4 O 38-5. The Tc = -39=C giving AG** = 
llKcal/mol for the conformational flipping process. Its behaviour is 
similar to that of the simple [2.2] (2,6) pyridino-paracydophanes'^^*^^.

The two six-bridged c y c l o p h a n e s < 3 G )  39-1,39-2 show barriers of AG**c=36 and 
27kJ/mol respectively, and it has been proposed that the meta or para 
substituted rings might rotate about the methylene bridges. The 'Hnmr of 
39-1 at room temperature is simple and the methylene protons appear as an 
AA'BB' multiplet (#2.86) Below -88°C these protons appear as 3 peaks and 
this observation along with the strongly shielded meta ring protons (#5.730 
and trisubstituted ring protons (#6.18) is best explained by assuming a 
compact conformation eg the Da symmetry as shovhi. For 39-2 a high symmetry 
conformer also seems likely at low temperatures. '

Few nmr studies on nuclei have appeared in the^ cyclophane field,
possibly in part because ring current effects for carbon signals are often 
swamped by other effects caused by geometry changes, steric effects etc.
However data for a number of cyclophanes have been published. This
includes studies on the tetramethyl substituted metacyclophane<=s) shown in 
FIG 40-1. Although at room temperature it exists in a fixed conformationat 
higher temperatures the 'Hnmr spectrum shows fluxional behaviour (Tc 50=C, 
Av=108Hz, giving AG** =15.4Kcal mol“’). Molecular models had shown several 
conformers were possible. Various structures were ruled out by considering 
the 'Hnmr but the AA'BB' spectrum of the bridge -CH2-CH2 - was not clearly 
enough resolved to positively distinuish between 40-2 and 40-3. However 
the spectrum, at -30°C, shows 12 types of aromatic proton, 2 different
(CH2CH2) carbons, a single type of -CH= - bridge carbon and two -CHs
carbons. This is consistent with the more symmetrical 40-3.

The triaza [2.2.2] metacyclophane<37> derivative shown in 41-1 adopts a 
Crown conformation 41-2 in the solid state. Dynamic nmr spectroscopy 
indicated that in solution it exists as interconverting mixtures of Crown 
and Saddle, 41-3, conformations - the former predominates at equilibrium.
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It was the temperature dépendance of the 'H decoupled spectrum 41-4 - 
for the resonances of carbonyl carbons, one of the quaternary aromatic 
carbons and the N—methyl carbons — that gave the activation parameters for 
the interconversion of the conformations. At -65=C, two signals with 
relative intensities 4; 1 were observed for each of the above carbons thus 
enhancing the evidence for the presence of two unequally populated 
conformations in solution. Line shape analysis gave AG** of 14.4kcal mol"? 
for the interconversion of the major into the minor (saddle) isomer.
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THE CYCLOPHANES 3Bm A3D 3Bp

The two macrobicyclic cyclophanes, 3Bm and 3Bp, were prepared by a <3+2} 
dicarbonyl/tren Schiff base condensation in methanol. Both are polyaza 
ligands offering a Ns donor set. 3Bp can be isolated metal free (78%) by 
reaction of terephthalaldehyde with tren giving 42-1 whereas 42-2 can be 
isolated at up to 89% when isophthalaldehyde is condensed with tren. These 
yields are remarkable considering that the synthesis requires the formation 
of 6 bonds in a single condensation step. This approach was used by 
H e w k o m e " ^ i n  the condensation of tris (ethanol) amine with 2,6 dichloro 
pyridine to give the resulting diazahexaoxo cryptand in only 2% yield, 
presumably reflecting the low probability of simultaneous formation of 6 
bonds. It is not clear why our condensations are so much more efficient: 
it may perhaps be related to an internal hydrogen-bonding template effect 
keeping the amine in its appropriate conformation. 3Bp was also obtained 
as a binuclear cryptate when templated on Ag"̂  and Pb=^. In comparison with 
3Bp the meta substituted cage 3Bm would not template with any of the many 
metals that were tried. Although this is the exception rather than the 
rule, other macrocyclic Schiff base ligands have been synthesized in the 
absence of metal ions. Fenton'-'has used a non template synthesis of 
dinucleating macrocyclic Schiff bases derived from thiophene. The yield 
depended on the reaction conditions but was maximized at 55%. He explained 
this metal free ligand synthesis in terms of the predominating cis, cis 
conformer of the dialdehyde FIG.43-1. This, he proposed, is the conformer 
that leads most readily, to macrocyclization - therefore no metal template 
is required. Tasker's group<^*) have also prepared a series of di-imine 
tetraaza macrocycles without using )a "metal-ion template' or 'high 
dilution' techniques. The success of this synthesis is attributed to the'
formation of intramolecular hydrogen bonds in the product which reduces 
unfavourable lone-pair - lone-pair interactions between the nitrogen atoms. 
Other references to metal free macrocycles include ref. 41 to 43.

The table in FIG.44 lists appropriate spectral data for both ligands and 
also for their reduced octaamine derivatives (R3Bm and R3Bp.) Mass spec.
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FIGURE 45 THE IR SPECTRUM OF THE LIGANDS 3Bm, R3Bm, 3Bp, and R3Bp. (KBr disc)
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was used to confirm the cyclic as opposed to polymeric nature of the 
products. The absence of absorptions due to VNH= (3500-3300cm~'’ ) or C=0 (- 
1700cm~’) in the ir spectrum of 3Bm and 3Bp (Fig. 45-1, 45-3 respectively) 
together with a medium-strong absorption at 1643cm"^, for both ligands, due 
to Vc=N; showed Schiff base condensation to be complete. A satisfactory 
elemental analysis confirmed formation of the desired cryptands in the 
reaction scheme shown in FIG.42.

The uv spectra of the two ligands are significantly different, FIG. 47, and 
both can be compared with that of benzene^ . FIG, 47-5 Benzene normally 
shows three ÏÏ-ÏÏ'* electronic transitions FIG.46-1. The allowed primary band 
at 180nm (e = 47,000) is not observed under usual experimental conditions. 
However in polycyclic aromatic compounds or when another IT system is 
present this band is often shifted to longer wavelengths (ie. a
bathochromic shift‘d'''’ FIG. 46-2, The 202nm absorption is much less intense 
<e =7,400) and it corresponds to a forbidden transition. The secondary 
band, which is also forbidden and the least intense of the benzene bands at 
260nm,(e = 230), is caused by interaction of the electronic energy levels 
with vibrational modes and so appears with a great deal of fine structure. 
This fine structure is lost if the spectrum of benzene is determined in a 
polar solvent or if a single functional group is substituted onto the
benzene ring. In such cases the secondary peak appears as a broad low
intensity peak, lacking in any interesting detail. Substitution on the 
benzene ring is able to cause bathochromic and hyperchromie shifts.
Fig. 46-2 and thus it is not possible to formulate empirical formula for 
predicting the spectra of aromatic substances.

Substituents which are themselves chromophores (ie. a group capable of 
absorbing in the visible and uv regions of the spectrum) usually contain IT 
electrons, eg C=H,C=0. Interaction of the benzene ring electrons and the IT 
electrons of the substituent can also produce a new electron transfer band. 
This band may be so intense that it obscures the secondary band of the 
benzene. The position of these high energy transitions are sensitive to 
the presence of substituents. Unsaturated molecules which contain atoms 
such as 0, or U may also undergo n-U* transitions which again are sensitive



FIGURE 47.THE UV SPECTRA OF 3Bm, R3Bm, 3Bp, R3Bp and BENZENE.
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to substitution on the chromophoric structure. Most n-ïï* transitions are 
forbidden and of low intensity.

One of the best ways to bring about a bathochromic shift is to increase the 
extent of conjugation. In the presence of conjugated double bonds the 
electronic energy levels of the chromophore move closer together resulting 
in a decrease in the energy required to produce a transition from an 
occupied energy level to an unoccupied level. Thus the wavelength of light 
becomes longer and a bathochromic shift is observed. Conjugation of two 
chromophores not only results in bathochromic shifts but it can also 
significantly increase the intensity of the absorption.

The ligands 3Bm and 3Bp each contain 2 sets of chromophores - the aromatic 
benzene units and the imine (C=M) functions. The main difference between 
the ligands is that in 3Bm the benzene rings are meta substituted whereas 
in 3Bp the benzene units are para substituted. Thus, because of the 
shorter length of the imine-ring-imine unit in 3Bm, we would expect this 
system to show greater steric constraints and indeed greater interaction of 
the 2 sets of chromophores. This may well be the cause of differences in 
the electronic absorption spectrum of 3Bm(47-l) and 3Bp(47-3). Indeed it 
may also be the cause of. differences between the reduced and unreduced 
forms of the ligands (discused later) 3Bm shows only one intense peak

I(Xmax 215nm e=197000) whereas 3Bp shows 2 intense peaks <X205m 6=183,000
Xmax 263nm 6=248,000). All 3 peaks show substantial hyperchromie
behaviour with the extinction coefficients well above those observed for 
the 2 primary absorption bands of benzene. The range given in many 
textbooks<T> for a tctc* transition is one in the order of 6 = 10*, thus some 
of the observed extinction coefficients of these macrobicyclic ligands are 
quite high (10®). Certainly many of the very intense absorptions observed 
in the ligand series lie close to the cut-off points of the solvents used 
(acetonitrile IQOnm; methanol 205nm) and to the cell cut off points and 
thus their extinction coefficients are unreliable. However < the 3Bp 
absorption at 263nm (6 = 248,000) cannot thus be explained. There are two 
possible explanations for this high (10®) value. Firstly, absorptions may 
be additive - in 3Bp there are 3 aromatic units and this would correspond 
to 6=82,000 (6=10*) per aromatic unit. This additive effect does not appear



A Macrobicyclic study Page 183

to be effective in Tabushi's 4=,5= paracyclophanes <**> where Xmax=274nrn 
and €=1300, 6=1700 respectively. The explanation for the observed
extinction coefficients may thus lie in the second reason - that is 
conjugation. Indeed many anthracene or naphthalene based compounds show 
6=10® and extinction coefficients of the order of 10® have been observed. 
Unlike Tabushi's paracyclophanes, in which the aromatic rings are the only 
chromophores, 3Bp has 2 sets of chromophoric units - the aromatic rings and 
the imine functions. A high degree of conjugation, ie. delocalization, can 
lead to significant interactions of the chromophores and thus to a 
significant hyperchromie effects and/or bathochromic shifts. However it is 
interesting to note that the solid state conformation of 3 Bp (X-ray 
structure-discussed later) indicates that these imine functions are in fact 
quite localized. The 3Bp spectrum may also be showing a significant 
bathochromic shift of the two benzene primary bands (180 -> 205nm and 202nm 
-> 263nm). Alternatively we may be observing the benzene U-U* at 205nm and 
that of the imine at 263nra. There was no evidence of any other absorptions 
in 3Bp. 3Bm on the other hand showed various other absorptions with the 
intense aromatic U-U* at 215nm. A broad absorption (X=256nm e = 21000) 
may be the secondary absorption band of the benzene unit although it may 
also be the U-U* absorption of the C=U function. Two less intense 
absorptions may be n-U* imine absorptions.

I.R and nmr gave no indication of any intermolecular interactions of eg. 
hydrogen-bonded water in the case of 3Bm but both ir and ' Hnmr spectra 
indicated that 3Bp retains solvate water. This was confirmed in its X-ray 
crystallographic structural determination; 3Bm and 3Bp have both been 
structurally characterized.

THE CRYSTAL STRUCTURE -AITD FKR OF 3Bm

The structure of the macrobicycle 3Bm (determined by Vickie M'=Kee and 
Vard.T.Robinson, University of Canterbury, Christchurch, Hew Zealand) is 
shown in FIG.48-1. The end-on view, FIG.48-2, has a "Manx" emblem profile, 
with a 3 fold non crystal lographic axis running through the 2 bridgehead 
nitrogens, H(l) and H(2) which are 10.677Â apart. It also has a mirror



FIGURE 48 - X-RAY STRUCTURE OF 3Bm.

C6

es

N3 C4 CIOC3 Cil02 012

013 023020014 018 022OIS

017 019
018

02S 033 036032028
034027026 035

029 031030

FIG.48-1
V- %)

%

FIG.48-2b

3^ A

FIG.48-2a

FIG.48-3



A Macrobicyclic study Page 184

plane ^nan-cryatallographio) running through C?,Czi and C33 (ie Cc of each 
aromatic ring). From 48-2 it can also be seen that the methylene carbon 
atoms are eclipsed. FIG,48-3 shows how little free space there is inside 
the molecule in this conformation. In each case Cc is 3.6Â from the mean 
plane of the adjacent ring. Both X-ray and modelling studies (the latter 
by K.Drew of Reading University) indicate close approach of the He proton 
to the adjacent aromatic ring. The 'Hnmr of 3Bm (later discussion) 
strongly suggests that the He proton lies within the shielding area of ring 
current provided by the adjacent ring. Thus although this ligand would 
appear to offer good steric protection to an encapsulated guest atom or 
molecule the small size of the cavity, shown in Fig. 48-3, makes it seem 
unlikely that 3Bm, in this conformation with the CHz groups eclipsed, could 
act as a host to many guests. Indeed M‘=Kee has calculated that a sphere of 
no more than 1.46Â radius could be accomodated within this triangular array 
of the aromatic rings.

Coordination of one or more metal ions by the ligand in its X-rayed 
conformation would effectively mean that any small atom inside the cavity 
would have to bond to the Cc atoms of the aromatic ring because of the 
unsuitable arrangement of the H-donor atoms which are directed away from 
the cavity, FIG. 48-2, ie they are divergent. This may, partly, help to 
explain the reluctance of this ligand to form by means of a template 
reaction using main group ions such as Pb^^ or Ag*': or GroupII metal ions, 
so often employed in this capacity. Within the last couple of months we 
have succeeded to 'insert' rather than'template' a pair of silver ions and 
a pair of Cu^ and Cu^^ ions into 3Bm. (These are discussed in the next 
section). This implies that FIG.48-2, where the H donors are divergent, 
does not represent the only possible conformation. Fluxionality in the 
' Hnmr spectrum of 3Bm FIG.49 suggests that the convergent conformation 
might also be accessible, at least in the presence of suitable metal ions. 
A table of nmr data for 3Bm is given in FIG.50.

Initially it was thought that the fluxionality might be explained by 
rotation of the aromatic ring about the imine-aromatic bond (Ho He) .

This would generate a conformation very different from that seen in the 
solid state. However even at room temperture FIG. 49-1 the signal of the

L O



FIGURE 49 Hnmr of 3Bm.
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aromatic protons appear as a sharply defined doublet (He) and a triplet 
(Hn).. Hb , which has an Integration value corresponding to six protons (le 
2Hb protons per each of the 3 aromatic rings) appears as a doublet as a 
result of coupling (Jab=7.6Hz) with the single Ha proton. Ha appears as a 
triplet because of coupling with the 2 adjacent Hb protons and thus the n+1 
splitting rule applies here, where n Is the number of neighbouring 
equivalent protons. The J coupling constant Is of course equal to that 
seen In the Hb signal, because each set of protons, Ha and Hb, couple with 
each other equally. The doublet feature (which Is really a pair of 
unresolved doublets) also shows a small coupling of J=1.6 Hz with the He 
proton, with which It has a 'meta' relationship. Ho coupling of Ha and He 
Is evident In the spectrum. The aromatic signal thus being 'frozen' Into 
sharp triplet and doublet features Implies that the aryl rings are rigidly 
held In their triangular disposition even In solution. Therefore there Is 
no evidence of Involvement of the aromatic protons In the fluxlonal 
process.

The aromatic He proton appears essentially as a sharp singlet at 6\5.33 
(although there are signs of Its coupling with Hb(J=1.6Hz)) which Is 
significantly at the hlghfleld range of the spectrum for an aromatic 
proton. Although significantly shielded It Is not experiencing as large a 
shielding forcé as the equivalent proton In C2.23 metacyclophane. FIG.30-1 
which appears at 64.25. Indeed It Is closer In value to that of the more 
flexible monoene form of C2.23 metacyclophane where He appears at 65.62. 
It Is clear therefore that although He In 3Bm Is experiencing a shielding 
effect from the adjacent ring. It Is not pointing as far Into the ring 
current as In [2.23 metacyclophane (where He Is 2.689Â from the mean plane 
of the adjacent aromatic r i n g ) a n d  thus as Is Indicated by the X-ray 
structure of 3Bm FIG. 48-2, the He proton is not lying over the centre of 
the adjacent ring (where It would experience the maximum shielding effect) 
but off centre. At 3.36Â It also lies further away from the adjacent ring 
which also serves to decrease the effective shielding.

Just as the He protons are at unusally high fields for aromatic protons, 
the Hb signal (the doublet) lies downfleld, at 68.19 about Ippm from the
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normal position of 7.2-7.0ppm. This may result from a deshielding effect 
of the ring current of an adjacent aromatic ring and the imine function.

The imine proton,He , which was unassignable in amongst the aromatic signalsIin the initial 250MHz spectra, was assigne<|on the basis of coupling 
patterns in the high resolution 400MHz nmr spectrum in which the l&he 
coupling patterns are quite distinguishable. It is therefore possible to 
assign the singlet at 7.58H= to the imine protons He and the triplet 
feature centred at 67.52 to the aromatic Ha protons.

Although at room temperature the methylene proton signals appear as broad 
unresolved doublets near their coalescence temperature , at -70= (203K)
each methylene group is frozen out into a sharp triplet and doublet, ie an 
AA'BB' spectrum. In these systems the more shielded (upfield) methylene '
group is assigned to the CHz group a. to the bridgehead nitrogen while that 
of the CHz group a. to the imine nitrogen is assigned to the downfleld 
signal. This is at least partly a result of local anisotropic fields from 
the imine groups deshleldlng the He protons relative to the Hq protons.
(Fig. 4-2 shows how any proton on the imine C or lying close to the imine \ 
function ie H r relative to H e , will be deshielded.) Although the  ̂
resolution is not good enough to carry out a rigorous analysis, the 
coupling constants can be estimated approximately as Jaxax' = Jaxeq = llHz 
>> Jaxeq* = Jeq,eq'=2-3Hz. These coupling constants correspond well with 
M* dimethyl piperazine, except there Jaxeq (ie Jgem) =13.2Hz was greater 
than Jaxax* = 7.43Hz. Also in [2.2] metacyclophane Jgem = 12. OHz*̂ '*®’’, 
Jaxax* = 8-10Hz<*^> (ie trans coupling) and Jaxeq* == Jeqeq* = 2-3Hz<^^), 
From these values cited in literature it is clear that the large splitting 
is due to ;-

1. gemlnal splitting of the axial and equatorial protons (ie protons on 
the same C atom) where the value of J will be determined by the HCH angle a. 

(FIG.9-2)

2. The vicinal coupling of trans protons (ie those in the 2 axial 
positions which leads to a good overlap of the bonding orbitals (FIG.51-1)
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The other two vicinal couplings, Jeqeq* and Jaxeq* (Fig.51-2) are small ie 
not exceeding 4-5Hz. It is thus possible to assign the triplet signal 
(FIG.52-1) to the axial protons and the poorly resolved quartet(FIG.52-2) 
to the equatorial protons.

From 49-3, the methylene signal of 3Bm at the lowest temperature studied, 
it is seen that the signal Feq is a doublet showing ho clear signs of Feq - 
Gax vicinal coupling or indeed Feq - Geq, whereas the signal for Geq does 
show signs of such vicinal coupling. However the spectrum is not 
completely resolved and the anticipated splitting could easily be contained 
within the relatively broad band envelope. The unequal nature of the inner 
and outer lines of the doublets (FIG.49-3) result because of the second 
order nature of the spectrum ie.AV/J < 10 where aV is the difference in 
chemical shift (in Hz) of the two signals. There is distortion such that 
the innermost line (ie that which is nearest the other signal) increases in 
intensity at the expense of the outermost lines (those furthest from the 
other signal). This can have a qualitative usefulness in indicating on 
which side of the multiplet signal the related multiplet must be.

From the variable temperature nmr study of 3Bm it appears that steric 
constraints exist within the molecule which prevent interconversion of the 
axial and equatorial sites at temperatures below ambient. The room 
temperature spectrum at 90,250,and 360MHz indicates that the system is 
below its coalescence point. In order to calculate AG*c at any of these 
fields it would be necessary to increase the temperature to find Tc.

The T ̂ Cnmr spectrum was temperature independant (FIG.50) over the 
experimental temperature range.(298K-203K) All signals were sharp singlets 
at both temperatures giving no evidence for fluxionality of the carbon 
atoms.

In order to look at the possible solution conformations Huclear Overhauser 
Effect (HOE) experiments were carried out with the assistance of Dr. 0. 
Howarth (S.E.R.C Highfield nmr service) FIG.50. On irradiation of the 
imine proton signal (He at 67.58) there was an exceptionally large 
enhancement of 14.28% of He which indicated the close proximity of the
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imine He protons and the aromatic He protons (FIG. 53) Irradiation of He 
also generates preferential enhancement of the Fax triplet (Fig.53-3) Both 
results suggest that the solid state conformation of 3Bm, with divergent 
imine functions, is also the dominant,(if not exclusive) conformation in 
solution. The imine signal remains unsplit in the •Hnmr spectrum 
throughout the temperature range and this also provides evidence that only 
one conformer is present in solution over the temperature range 298-203K. 
Thus there is no indication of the presence of the coordinating 
(convergent) conformation which must exist in EAgs 3Bm]=+.

The soft(broad) nature of the spectrum at the lowest temperature (203K) is 
presumably due to solvent viscosity which increases the relaxation time and 
slows down the exchange process on the nmr time scale,
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IHE .IirSERTIQir REACTIONS OF 3Bm WITH Ag+. Cu+ AHD

Silver ions will insert into 3Bm under mild conditions to give the 
dinuclear silver cryptate. The ir of the white crystalline product showed 
no sign of carbonyl or amine frequencies indicating that the insertion had
occurred without significant ligand modification ie without opening of the
macrocylic ring. Physical data for this complex is tabulated in FIG.54. 
The ability to insert metal ions into 3Bm suggests that the convergent 
(coordinating) conformation is thermally accessible but not favoured in the 
absence of a suitable guest. This may result from steric hindrance by the 
He protons which can perhaps be compensated for by the ÎT donor-acceptor 
interaction in the disilver cryptate. This results from the relatively 
small energy difference between the filled d orbitals and the unfilled 
valence shell s orbital which permits extensive hybridization of the dz= 
and s orbitals Fig.55<*^>. The electron pair initially in the dz^ orbitals 
occupies y 1, giving a circular region of relatively high electron density 
from which ligands are somewhat repelled and regions above and below this 
ring in which the electron density is relatively low. Ligands are 
attracted to the latter regions.

The 'Hnmr of the complex is interesting in several respects and HOE 
experiments have been used to investigate the conformation of the ligand in 
the complexed form. The 'Hnmr spectra of AgsBBmCCFaSGs)^ (FIG.56-1,56-2) 
differs from the uncomplexed ligand in several respects.

-1- in the free ligand the imine, He , signal remains insplit over the 
temperature range investigated whilst the silver complex sometimes shows 
splitting of this signal at low temperatures.

-2- the He protons, which appeared upfield in 3Bm are now significantly
deshielded and the signal appears at 6*9.0.

-3- the reversal of dFax (triplet) and 6*Feq (doublet) from 3Bm.
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The idea of steric constraints within this silver cryptate is substantiated 
by the 'Hnmr spectrum,. Fig.56-1 shows the room temperature spectrum <294K) 
while FIG.56-2 shows the spectrum at 233K. Relevant data is tabulated in 
FIG.56-3.

The sharp aromatic signals (a doublet and a triplet-assigned as in the free 
ligand) give no hint of fluxional behaviour even at 294K whereas the 
methylene signals show broadening at room temperature and indeed when the 
temperature is decreased the axial and equatorial protons become 
distinguishable and hence give the doublet and triplet components. For the 
same reasoning used in 3Bm (FIG.52) these are assigned to the equatorial 
and axial protons respectively. The arrangement of these signals is 
triplet(F«><), doublet (F«q), doublet (G«q) triplet (G««), FIG.56-2 whereas 
in 3Bm FIG. 49-3 the signals appear as doublet, (F«q), triplet (F«,<), 
triplet (G«>n), doublet (G«q). Thus in the complexed form F«>< is deshielded 
relative to F«q - this situation being reversed in the uncomplexed 3Bm 
resulting, presumably, from the change in comformation. This can perhaps
be rationalized by considering the structures in FIG.57. FIG.57-2 is the 
crystal structure of uncomplexed 3Bm with the C-H bonds shown in black, 
whereas FIG.57-1 is a result of a molecular mechanics study (M.Drew) of the 
free ligand. This shows that Fax points downwards - thus it lies in the 
shielding area of the imine and is shielded relative to F«q, which may even 
lie in the deshielding area of the imines diamagnetic anisotropic current. 
Unfortunately no such model is available of the silver structure. However 
using the f̂ uran system, discussed later, M. Drew modelled the meta-benzene 
derivative (by replacing 0 of furan with C-H). Results show that the 
equivalent F«d is now relatively closer to the shielding region of the 
imine current and thus appears at higher fields to F..,<. (see furan 
discussion and cf Fig.73-4a and 73-4b). This is schematically represented 
in 57-3. We have also used HOE experiments to investigate this 
conformational aspect. When Heü, the imine proton of [Ag23Bm]=+was 
irradiated at 294K there was an 8.7% enhancement of the Hb doublet and an 
8% enhancement of the H f  signal. In order to confirm our proposal that Fax 
will be deshielded in the complexed form (ie Hf»« now lies in the 
deshielding range of the imines current and is therefore deshielded with 
respect to the F«*d proton) we attempted an HOE at 233K to see if
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irradiation Into He would enhance the doublet or triplet component of the F 
signal. Unfortunately the sample decomposed before being run suggesting a 
low stability of this silver complex. It Is hoped to repeat this experiment 
In the near future.

An Interesting feature of the ' Hnmr spectra of this system Is the low 
temperature splitting of the signal at 48.62 (FIG.56-1,56-2) J=8Hf, a 
phenomenon which Is not observed In the low temperature spectrum of 3Bm In 
which, even at 203K, the Imlne remains a sharp singlet. There are several 
possible explanations for this -

-1- the Imlne has been split because of the presence of 2 main conformers - 
however none of the other signals show such significant splitting
attributable to the presence of additional conformers -

-2- at low temperatures the molecule Is frozen Into an unsymmetrlcal
molecular conformation with respect to the Imlne functions. However this 
makes It difficult to explain the 1:1 Intensity ratio. A low temperature 
HOE, Irradiating Into He, would show If one of the Imlne components was 
closer to the Hb protons than the others. This was attempted for 
[AgzSBp]^^ (see later) but there was no enhancement of one peak of the 
doublet relative to the other.

-3- It Is possible that at low temperatures we are observing a coupling 
Interaction between the Ag+ metal centre (I=+% for both'c^Ag and ‘̂=’®Ag) 
This splitting Is not observed at room temperature because the silver Ions 
are undergoing fast exchange between free and complexed environments.
Exchange occurs so rapidly with respect to the nmr time scale that coupling
cannot be observed. However as the temperature Is decreased the exchange 
process slows down to the extent that the Imlne proton can see the Ag+ Ion 
In the cavity for long enough to couple to It. Because Ag+ has a nuclear 
spin number I=% a doublet is obtained. It Is difficult to Investigate this 
Idea by nmr because silver presents a 2 fold problem with respect to nmr 
studies. It Is an Insensitive nucleus with receptivities of 0.195 C“^^Ag) 
and 0.276 (’°'̂ Ag) and the silver nucleus shows long relaxation values 
leading to difficulties In observing a silver nucleus.
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One way in which we have attempted to investigate that the splitting of the 
imine signal is a coupling rather than a chemical shift effect is by 
recording the Hnmr at 2 different frequencies. Although the chemical 
shifts of the two components of the doublet will be affected (in units of 
Hertz, not in ppm from TMS) J the coupling constant should remain constant 
(FIG.5-5) therefore the value of J=8Hz should be observed at both 360MHa= 
and 500MHa: (bOOHHz spectra run at Q.Ü.B by Dr.Paul Stevenson). Although this 
experiment confirmed coupling In the other dlsllver cryptate^
neither the room temperature or the 223K spectrum of [ AgaBBmJ'^^^^^show
splitting of the Imlne signal observed In the 400MHz low temperature
spectrum. However the same sample was not used for both spectra because the 
complex decomposes after -4 weeks. For the 500MHz spectra the sample used
had not been fully analysed. Although Ir. Indicated. the presence of the
trlflate counter Ion It may be that this second sample is In fact 
protonated.

However evidence for the silver ■- He coupling In the Initial experiment 
lies In the observation that there Is no doublet splitting of the Imlne 
signal at low temperatures In the presence of the Cu^ nucleus. For "̂̂ Cu 
1=3/2 which leads to quadrupole broadening so that the resolution of 4 
lines Is not expected. Although the Imlne signal Is broadened In [Cua3Bm]=+ 
It Is not clearly resolved even at the lowest temperature studied. FIG.56- 
5.

This splitting of the Imlne signal by silver may be a useful Indication of 
how stable a complex is and thus may give some Information about the 
conformation Involved. It Is Interesting to note at this point that the 
silver complex of the thlophene derivative shows splitting of the Imlne 
signal even at room temperature and thus the complex may show a greater 
degree of stabllty compared to the ligands where fast exchange of the 
silver Ions can occur at room temperature.

Another very significant feature of the spectrum of [Ag23Bm]=+ Is the 
position of the He signal. In 3Bm this signal appears high field at 45.33 
(294K). Initial room temperature spectra run on the silver cryptate from 
9ppm to TMS gave no signs of a signal for the 3Hc protons. Thus a spectrum
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was run looking hlghfield from TMS in case He had formed a "hydride” type 
proton. This might occur because the He protons in this convergent 
conformation would, of necessity, be held between the pair of silver Ions 
In the cavity. This could lead to very effective shielding of the He 
protons, or even, at the extreme, lead to Incipient Ag-H bonding. However, 
when we looked from 0 to -8 ppm no signal was found. Thus we looked 
further downfleld le down to 12ppm. Although no definite signal Is seen a 
broad baseline hump =9.50ppm is observed - this has an Integral value of 3 
protons. That this was not the OH signal of the ethanol but due to the 3 He 
protons was confirmed by a DzO shake. The broadened base line hump was also 
apparent In the 500MHz spectrum. On cooling the sample to 233k, two things 
happen to this signal In both the 360MHz and 500MHz spectra -

-1- The signal Is shifted to 49.85Â Indicating a greater degree of 
deshleldlng. This deshleldlng of the He protons was also observed In the 
nmr spectrum of the Cu^ complex, and may originate from the anisotropic 
circulation of electrons of the encapsulated metal Ions. However, It Is 
also likely that the complexation of metal Ions leads to a geometrical 
rearrangement of the 3 aromatic ring such that He no longer points towards 
the adjacent ring (and so towards the shielding area of the ring current). 
Rather the rings are angled/tilted with respect to each other so that He 
now lies In the deshleldlng region of the ring current.

-2- The signal sharpens up significantly. The broadened room temperature 
spectrum probably Is a result of fast exchange of silver ions. The He 
protons point directly Into the cavity and thus they are not "sure” whether 
the Ag"*" are In or out of the cavity - the signal therefore appears broad. 
In the 360MHz spectrum with the silver ions held Inside the cavity, as 
evidenced by the splitting of the He signal, the He proton Is In a more 
stable magnetic environment and thus the signal sharpens up to the singlet. 
The sharpening up of the He signal In the 500MHz spectra despite the 
absence of splitting of He, which Implies that silver Is not held In the 
cavity, suggests that the deshleldlng of the He proton Is not the result of 
a deshleldlng effect of the valence electrons of the metal cation but 
rather Is the result of a geometrical rearrangement of the metal free 
ligand upon complexation which Is frozen out at the lower temperature.
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The room temperature 'Hnmr spectrum of [AgzSBm]^^ showed a triplet (4=1,7), 
and a quartet (4=4.13) attributed to the ethanol that had been Indicated by 
both Ir and microanalysis. Integral values of the signals supported the 
proposed 2 ethanol solvent molecules per macrobicycle. The position of the 
broad OH signal which was a function of temperature, was confirmed by a DzO 
shake. The 500MHz low temperature spectrum also shows the ethanol features 
with the quartet superimposed on the low field axial signal.

The work with 3Bm and copper Is In its early stages and Is unavoidably 
Incomplete. ^

The reaction of 3Bm with Cu^ (MeCH) aCIOa , In the appropriate degassed
y  f
^  solvent mixture gave a yellow mlcrocystalllne product which analysed for 

Cu23Bm(ClG^,)s 2HzO. The product was stable In air In Its solid state. The 
Ir not only Indicated the solvate water as a broad band at 3356cm-^ (3600- 
3000cm-^) but It also showed significant splitting of the perchlorate 
signals at 1080cm-^ and 623cm-^. This could Indicate either a coordinated 
mode of binding for this counterion or hydrogen bonding to solvent. The 
physical data of the copper complexes of 3Bm Is given In FIG.54. The 
absence of signals at 3400-3200cm“  ̂ (HH) or 1700-1670cm-’ (0=0), and the
presence of the medium strong Imlne feature at 1633cm-’ suggest that 
Insertion of the Cu^ Ions have not caused significant structural ligand 
modification. Conductivity measurements, made at 10—*M *. lie within the 
1:2 electrolyte range for this concentration.

The electronic absorption spectrum shows a strong absorption at 206nm (e- 
10® unreliable) which Is assigned to an aromatic ÏÏ-ÏÏ* ligand transition. A 
second absorption at 250nm (e=40,000) may be the secondary band absorption

** A range of 420 to 520 was established for this concentration using known 
1:2 template macrobicyclic species - these had also been run at 10~^M , 
giving typical values for this concentration.
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of the benzene unit or it may be the ÏÏ-ÏÏ* transition associated with the 
imine function. A moderate absorption at 352nm <e=5100) is likely to be a 
metal to ligand charge transfer band.
The room temperature ' Hnmr of [CuzSBm]^^, FIG. 56-4 is similar to that of 
the silver complex showing the He protons deshielded at 59.91. » The
aromatic signal is resolved into the doublet and triplet features 
indicating a fixed conformation for the aromatic residue even at room 
temperature.

The room temperature signal for the two methylene groups are complicated. 
The signal for Hf appears as a doublet (integral 12H+), the 2 components of 
which are separated by 7 K z  which is an average of the larger couplings 
(Jgem, Jax-ax ) and the smaller couplings (Jax-eq', Jeq-eq' = l-2Hz), Hq, 
on the other hand, is split into its axial and equatorial components (each 
signal having an integral = 6H^). The higher field component appears as a 
quintet whereas the lower field signal is a broadened doublet. This would 
suggest a potential ax,eq,eq,ax, arrangement of resolved methylene signals 
that is observed in the silver complex of 3Bm. , Thus the higher field 
multiplet is assigned to the Hq axial proton and the lower field doublet to 
the Hq equatorial proton. That this assignment is essentially correct is 
confirmed by the low temperature spectrum (223K) Fig.56-5. This shows that 
the axial quintet at room temperature is not the result of a triplet 
structure (discussed previously for uncomplexed 3Bm where Jgem = Jax,ax'), 
being further split by other vicinal couplings but rather it is a result of 
Jgem#Jax-ax'. At room temperature the small vicinal couplings are not 
fully resolved whereas at 223K, each line of the quartet resulting from 
JgemzJax-ax' gives rise to a doublet - resulting in the 8 line spectrum. A 
tree diagram FIG. 58-1 shows the splitting of G«.>,- this gave the following 
coupling constants Jgem = 13.9Hz, Jax-ax'=10.64Hz and Jax-eq' = 6.0Hz.

* The signal is a well defined singlet suggesting that at room temperature 
there is no fast exchange process.
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Thus JgemZJax-ax' which results in the complicated multiplet. FIG.58-2 
gives the tree diagram for G«c, - this yielded the following constants: Jgem 
= 13.9Hz, Jeq-eq' = 2.3Hz. The Jax-eq' is not observed - presumably being 
incorporated in the broad Jgem band.

The signal from the Hf protons even at this temperature is not resolved 
into its axial and equatorial components. The difference in behavior of Hf 
and Ho might be attributed to different Tc values rather than different 
hG*c values. This is shown to be the situation for some of the other
ligands eg 3Bp and 3F and is discussed more fully later. However it means
that for the Hq protons, which show splitting into the axial and equatorial 
protons at room temperature, the Tc value is higher than that for the Hf 
protons.

At 233K the imine signal remains unsplit and shows no broadening - thus 
there is no visible evidence of its coupling with the copper nucleus 
(1=3/2). The aromatic Ha, Hq, protons give rise to the triplet and doublet 
signals. However there is evidence of further coupling - this might be 
long range coupling with He. (Jbc=1.4H-). Although the coupling is not 
fully resolved in He, the signal does appear broadened and thus the small
couplings may be contained within it.

When a solution of Cu (ClO/i.)̂ . 6H20 is added in alcohol to a solution of 3Bm 
in CH2CI2 there is an instant precipitation of a green solid which on 
recrystallization from MeCH/EtOH gives a bright green microcrystalline 
product. When this green powder is stirred in air in the presence of 
CH2CI2 at room temperature, over a 12-16 hour period the solution turns 
blue and a bright blue crystalline product is obtained on concentration of 
the solvent. The ir of the green and blue products show significant 
differences as do their electronic absorption spectra.

The i.r of the green product shows a medium intensity sharp feature at 
3428cm-''. This is often observed when a bridging OH group is present. On 
the basis of the signal intensity and microanalysis, it would seem that a 
structure Cu£3Bm(0H)(C10a>3 is likely for the green product. Both F.A.B. 
and the electronic absorption spectra would support this. F.A.B. gives
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peaks at 929(15%), 830(50%), 729(30%), and 649(55%), which correspond to
[Cua3Bm(0H)(C10a)2],+ C Cu23Bm(0H) (C IO a ) ] -̂, [CuaBBmCOH)]^, and [Cu3Bm) + , 
respectively. The uv. spectrum shows absorptions at 202nm (e=156,000)* 
225(6=142,000)* and 270nm(31,000). This may correspond to a red shifted 
absorption spectrum of benzene (46-5) each band experiencing a bathochromic 
shift of about 20nm. The band at 250nm (6=938,00) may be the ÏÏ-ÏÏ*
transition associated with the imine function. No charge transfer band 
(ligand to metal) was observed although a single low intensity d-d 
transition at 15,800cm”'' (6=350) was seen.

The blue product also shows a moderately broad strong voh in the ir 
spectrum. This may be due to bridging OH or water, but strikingly, there 
are Vnhs absorptions on the side of this main band. Additional splittings 
and intensity changes around 1550-1580cm”' may suggest the existence of a 
phenoxy group<4°-s=).

Using the acyclic ligand shown in FIG.59-1 it was shown<s^> that when only 
a bridging OH group was present in the diCu(ll) complex, signals at 3505 
and 3040 cm” were observed but when the phenoxy group was also present 
signals at 3560,3420,3040 and 1560cm” ̂ were observed. When only the 
phenoxy bridge was present the signals appeared at 3000 and 1560cm”'. An 
X-ray structure of the phenoxy-hydroxy form of this acyclic ligand has been 
o b t a i n e d , F I G . 59-2 showing that the complex contains two Cu(ll) ions 
within the ligand cavity bridged by an oxygen atom of the phenoxide and an 
oxygen atom from hydroxide. Similar behaviour was also observed in the 
macrocyclic ligand in FIG 59-3.

* Unreliable values and absorptions.
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For the blue form of [CuzSBm]^^ the electronic absorption spectrum, is very 
different to that of the green product suggesting that a benzene nucleus 
may have undergone modification. Indeed this spectrum shows peaks at 232 
and 280mm (the latter appears as a shoulder) which is very similar to the 
absorptions of a phenoxy group <235nm and 287nm).

The ir and uv features of this blue [Cua3Bm]^+ product are characteristic 
of the 2-hydroxyphenyl imino chromophore » The infrared band at
-1570cm“’ is typical for the V(C-O) vibration of the phenol of such a 
chromophore. It assumes partial double bond character in a chelate ring 
that contains C=F linkages. The uv absorption at 374nm (6=2800 is
characteristic of the ÏÏ-ÏÏ* transition of the C=N chromophore although it 
could also be a metal to ligand charge transfer transition.

It would thus seem at these early stages that one aromatic ring of the 
binucleating ligand 3Bm may have been hydroxylated - formally an insertion 
of an oxygen atom into an aromatic C-H bond. The source of the oxygen ie 
0= V s  H-sO, is not clear - isotopic studies would be required to
clarify this. However if the yellow Cu^ product is stirred in air 
dissolved in acetonitrile, the solution gradually becomes green and then 
blue - from which the blue form of tCu^BBm]-^- can be isolated. Although 
this points to molecular oxygen as the oxygen source, the change may simply 
be a result of the copper complex picking up moisture from the solvent or 
air.
A recent publication‘s p r o p o s e s  formation of a phenoxy-hydroxy bridged 
dicopper assembly in a similar macrocyclic ligand to 3Bm. FIG.60. Kartell 
is currently using labelled to assess the origin of the inserted
oxygen atom.

Ve can predict a strong antiferromagnetic interaction for this blue CCus 
3Bm]4+ as this is often observed for such a bridging arrangement <S3,S8), 
For 59-1 a strong antiferromagnetic exchange between the two Cu(II) ions 
(293K p=0.61Bm ; 203K p<0.1Bm) was observed. This coupling between the 2 
copper centres is a result of the good overlap of the copper magnetic 
orbitals (dx=-y=) with oxygen p-orbitals. The observed Cu-0(H)-Cu angle of
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108° Is well above the 97,5° angle where the switch from ferromagnetic
to antiferromagnetic interaction occurs.

Attempts to obtain a crystal of suitable size for X— ray structural 
analysis of both the green and blue product of the [Cuz3Bm]*+ are high 
priority.
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THE CRYSTAL STRÏÏCTURE AIO) M R  QF^Bp Aim Aĝ SBpCCF̂ SQ̂ )

The appearance of strong OH absorptions in the ir (FIG. 45-3) and in the 
'Hnmr s p e c t r u m (63-1) of 3Bp originally led us to believe that water or 
some other hydroxylic guest (eg.MeOH, EtOH) might be coordinated within the 
cavity. It was, therefore, not altogether surprising that the X-ray 
structure showed water solvate FIG,61-1. Indeed there were 6 water solvate 
molecules lying outside the cavity. Mike Drew shows, using molecular 
modelling, that in both the convergent and divergent arrangement of imine 
bonds, it is possible to encapsulate a water molecule at the centre of the 
cavity. However, placing 2 water molecules within the cavity created 
considerable strain within the macrobicyclic structure. Moreover 
unfavourable geometry prevents the formation of imine-water hydrogen bonds 
within the cavity. This difficulty may account for the divergent 
conformation of GBp.dHzO where hydrogen bonds can be formed to water 
molecules outside the macrocycle. The X-ray structure shows 6 water 
molecules each forming a fairly strong hydrogen bond to an outwardly 
directed imine nitrogen (0...M < 2.90A). These water molecules are also 
hydrogen bonded to each other and thus they link individual macrocyclic 
units. This may be the source of stability in the metal free form of the 
ligand. The molecule has a crystallographically imposed Cz symmetry.
In 3Bm the methylene groups were eclipsed FIG.48-2 and the imine functions 
divergent but in 3Bp although the imine functions are still directed away 
from the cavity, now when we look down the vector (9.32Â) FIG. 61-2,
61-3 we observe that the methylene carbon atoms lie in the more open 
staggered arrangement with the aromatic-imine groupings virtually all 
planar (torsion angles,ie X=C-C«ryi, all within 3° of 0° or 180°). The 
staggered, planar, arrangement of atoms together with increased cavity 
length (= 1.3Â, brought about by the para as opposed to meta aromatic 
length) increases the flexibility of this system, making it, potentially, a 
better candidate for the coordination of metal ions.

The X-ray structure of 3Bp shows that the free cryptand prefers a 
conformation involving divergent sites as in 3Bm. However the
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transformation to a convergent binding conformation is easily achieved by 
insertion or with the template reaction of silver triflate, tren and 
terephthalaldehyde giving crystals of AgsSBpCCFsSOs)^ suitable for X-ray 
structural analysis.

A general view of the disilver salt is shown in FIG .62-1, The structure 
consists of discrete [AgzSBp]^^ cations and anions. In the cation, two 
silver atoms are encapsulated at a distance of 6.06Â apart. We might have 
expected the silver ions to show a 4 coordinate based geometry achieved 
using the ligand nitrogen donors and indeed each silver atom is bonded to a 
bridgehead nitrogen CAg(l) - #(1),2.42Â: Ag<2> - 1T(2), 2.37Â] and to 3
methylene nitrogen donors CAg - N, 2.27 - 2.38Â3. However the geometry of 
the silver environment is equivalent to that of a seven coordinate capped 
octahedron with the uncapped face removed. The bridgehead nitrogen atoms 
(Hb); which are separated by 10.83Â and thus further apart than in the 
metal free ligand (9.32Â), cap a triangular face of H atoms with Hb-Ag-H 
angles of 75.4 - 78.8° and H-Ag-H angles of 110.3-119.1°. However it 
appears that both silver atoms also have contacts with 3 hydrogens from the 
bridging benzene rings (62-1). These Ag-H distances (using calculated 
hydrogen atom positions) are from -

Ag(l) - H(40) 2.72Â Ag(2) - H(39) 2.37Â
- H(60) 2.65Â - H(59) 2.32Â
- H(80) 2.52Â - H(79) 2.26Â

\
The A g - H  distances imply Ag - C distances in the [Aga3Bp]2+ complex in ^ 
excess of 3.0Â. This distance would seem to be too long to allow any 
significant Ag’̂ - C*ryi interactions. In a series of silver ion - aromatic 
complexes<s3) formed by the reaction of Ag'*' with cyclohexyl benzene, and o- 
, m- and p-xylene, it was found that (m-xylene)^ AgClO/t was composed of 
silver ions bound to 2 aromatic entities such that each silver has 2 close 
Ag-C distances at 2.47 + 0.02Â. The distance allows interaction of the ÏÏ 
systems. The next nearest Ag-C distance varied over wide limits - up to 
2.96Â. Using p-xylene, the crystals showed severe disordering yielding no 
useful information.
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Thus although the Ag-H distances InC Ag23Bp]=+ may be on the 'short' side, 
the Ag-Caxryi. distances do not appear to be so.

When the structure was minimized by molecular mechanics (this work by Mike 
Drew is gratefully acknowledged) and the Ag-H distances increased to normal 
van der Vaals contact distances, a modification which the macrobicyclic 
structure can accomodate without a significant increase in the strain of 
the system, the Ag-Ag distance increases to 7.27Â (from 6.06A in the X- 
rayed structure) FIG.62-2a&b. However^ the 'Hnmr spectrum of [AgaSBp]^^ 
(FIG.63-5) shows no sign of splitting of the aromatic signal indicating 
free rotation of the p-phenylene unit - this would seem incompatible with 
strong Ag-Hmryi interactions. Thus, both the short Ag-H contacts and the 
unusual coordination of Ag"̂  may result from steric necessity rather than 
any weak binding interaction. FIG.62-3 shows a view of the cation down the 

— Ag....Ag— Mb vector,. As observed in the dicopper (1) cryptate of 
Lehn's macrobicyclic hexamine^^^) the two sets of bridgehead N-C bonds are 
eclipsed giving an approximate Ds symmetry with the M-M...M-M vector axial. 
Although the mean torsion angle in 3Bp was essentially O', in [Ag23Bp]%+ 
the M=C-C-C mean is 21.3°. Thus the conformation adopted in [Ag23BpT2^ 
results in a closing up of the potential cavity even at the cost of 
considerable loss of planarity in the conjugated phenylene bis imino link.

It is apparent from the crystal structures of complexed and uncomplexed 3Bp 
that the two show very different conformations. This essentially results 
from the arrangement of the imine groups relative to each other: this is 
cis^n the disilver cryptate FIG. 62-4 and trans in the free ligand 62-5.

The possibility of guest inclusion in the disilver cryptate was modelled. 
Taking the crystal structure of [Ag=3Bp]=+ (Ag...Ag 6.06Â) 62-2a as a
starting point, an atom X, at a point intermediate between the two silver 
atoms would be only 2.62Â away from the phenyl C atom and indeed only 3.03Â 
from the two silver atoms. This implies there is little room within the 
cavity of this conformation for guest inclusion. However on energy 
minimization (previously discussed: giving Ag...Ag 7,27k 62-2b), X, given 
parameters appropriate to oxygen, fitted into the cavity with no contacts 
to the macrocycle less than 3.0Â^ - This refined structure showed a



A Macrobicyclic study Page 203

Ag....Ag distance of 7.02Â Fig.62-6. Presumably the macrobicycle has to 
expand outwards to make more room in the middle (to accomodate and hold the 
oxygen) - as a consequence the Ag. ..Ag distance is less. It was not 
possible to fit a diatomic molecule into this cavity without causing severe 
distortions.

The different conformations of 3Bp in the free and complexed forms give 
rise to significant differences in the 'Hnmr spectrum. FIG.63-1 to 63-5 
show the variable temperature nmr spectra recorded for 3Bp while 63-6,63-7 
show the spectra for Ag23Bp(CF3S03)2. The nmr data are tabulated in FIG. 64 
whilst other physical data for 3Bp and its related complexes is given in 
FIG.65.

An immediate observation is that neither set of spectra show unusual 
chemical shifts for the aromatic protons (eg. He of 3Bm at #5.33, Hb of 3Bm 
at 6‘8.13). However in [Agz3Bp]^^ there is a downfield shift of the aromatic 
proton signal (H a ) by - 0.6ppm and of the imino proton signal by =0.4ppm as -
against the uncomplexed cryptand. These shifts may be caused in part by ^
co-ordination of the imine function in the cryptate which result in 
decreased electron density, and hence deshielding, at the imine proton, i

The 'Hnmr of 3Bp was taken over the range 330-183K. The higher temperature 
spectra of 3Bp are quite simple in comparison with 3Bm (FIG. 49-1). At  ̂
330K(63-1) all signals appear as sharp singlets except for a very slight 
fluxional broadening of the methylene signals. Thus it appears that at ^
this temperature there is no distinction between Hax and Heq and therefore 
only minimal steric constraint within the molecule. At the lowest 
temperature studied, ie 183K (63-4), only the imine peak remains unsplit 
and relatively sharp. This shows that the observed broadening of the other 
signals, which in part is due to Increasing solvent viscosity due to the 
low temperatures involved, is a result of fluxional behaviour of 3Bp. The 
sharp singlet (at room temperature), assigned to the aromatic protons, is 
now observed as a series of unresolved broad signals. This indicates that 
some fluxional process involving the aryl protons is operational, and that 
this process is very slow on the nmr time scale at the low temperatures.
There thus appear to be two separate sources of fluxionality in 3Bp - one



FIG.63-1 FULL SPECTRUM 330k.

FIG.63-2
METHYLENE SIGNAL 258k

FIG.63-3 
223k

FIG.64-4 
FULL SPECTRUM 
203k
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associated with the methylene protons and another associated with the 
aromatic units in the macrobicycle.

Firstly, the methylene groups which exhibit very different behaviour over 
the temperature range studied. The methylene protons a to the imine 
function ie Ho do not appear to reach their Tc until =223K 65-4 whereas He 
passes through its Tc at a relatively higher temperature, Tc -T5=C, 258K, 
and thus shows greater resolution of its axial and equatorial components. 
In order to see if this difference in coalescence temperature was a result 
of different AG*c for Ho and He, Eqn 2. and Eqn 4.(see introduction to this 
section) were applied. Results allowing for experimental error suggest 
that AG*c = 47 KJ applies for both Hd and He protons. The main values
used in determining this are tabulated below -

PROTOH Av T-1
SITE (obtained from from

203K spectrum) t”''=tcAv /2‘*

FREQUENCY FACTOR

A=Ke.Tc/h

AGc"

kJmol-T

Hd
He

=20Hz*
572Hz

44.43
1271

223*
258*

4.646x101=
5.38x101=

47.1 
47.54

* (These values could only be estimated)

Despite having to use estimates of Tc and Av the results seem to correlate 
quite well. Thus it would appear that the large difference in the 
splitting of the axial and equatiorial signals for Hd and He is not a 
result of a significant difference in AG*c values. They also show that the 
more widely split signal ie He shows the higher Tc value. Thus at lower 
temperatures a doublet (equatorial) and an unresolved axial signal result. 
From the doublet an estimate of Jgem=10.33Hz was possible. If it had been 
possible to take the temperature down further we might well have observed a 
similar arrangement of the signals as in uncomplexed 3Bm ie eq,ax,ax,eq. 
However the coalescence temperatures for 3Bp are significantly lower than 
in 3Bm. This presumably reflects a lower activation energy for the 
fluxional process of the methylene groups in 3Bp, which result from its
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increased cavity size and flexibility, so reducing the steric constraints 
seen in 3Ea.

The second source of fluxional behaviour in 3Bp is associated with the 
aromatic component of the molecule. The spectra show that the aromatic 
rings are mobile down to temperatures of about 220K. However below this 
temperature the aromatic moieties are restricted in their motion-this may 
reflect a slow rotation about the Ce3 - Cc bond.

The peak at 5.5ppm in the spectrum is assigned to 6 hydrogen bonded waters, 
(integral values support this assignment) and it is temperature 
independent. This suggests that these waters are associating strongly with 
the macrocyclic unit, because water signals would "wander" with temperature 
if a significant fraction were uncomplexed at the higher temperatures. 
When uncomplexed in solution the water will at one instance be free and at 
another time it will for example be bound to the Fb. The spectrum would 
record the average position of the water which would change with time and 
temperature. •

In the case of lAgzSBp]^^ thé temperature range was governed by solvent 
choice. At room temperature 63-6 all signals are sharp and well defined 
with no splitting of the aromatic or imine signal. This suggests free 
rotation of the aromatic rings about the Cb-Cc bond because from the
crystal structure (62-1) it would be difficult to explain how the aromatic 
protons could be equivalent with respect to distance and their relationship 
to the encapsulated Ag^. The methylene resonances appear as sharp triplets 
[ (n+1) rule obeyed, 1®"*̂ order signal, Av/J>10] giving no evidence for any 
dynamic process taking place on the nmr time scale. As in Lehn's 
s t r u c t u r e F I G .  66, large downfield shifts of 0.41ppm and 0.54ppm of the
imino and aromatic protons respectively are evident on complexation. At
233K(63-7) the aromatic signal remains sharp and unsplit which again points 
to free rotation. However at this temperature the imine signal is now 
split into a doublet (J=8Hz). This large coupling, for the 3 bond
interaction, is too large n o t b e  observed at room temperature if the Ag"̂  
was permanently fixed inside the cavity. Thus at room temperature, there 
may be a fast exchange process between free and complexed Ag"*' ions, as we
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suggested for the CAgsSBm] . situation. Again in the analogous diCu^ 
cryptate of 3Bp there is no splitting, only broadening of the imine signal. 
The methylene signals at this lowest temperature show broadening due to a 
slowing down of the ax-eq fluxional process.

A 500MHz spectrum of [AgzSBp]^* has recently been run (Dr.P.Stevenson, 
Q.U.B) and the low temperature (233K) spectra is shown in Fig.63-7. As in 
the 400MHz spectrum the Ho signal has lost much of its triplet structure 
and is well on its way to coalescence. He still retains it triplet
structure to some extent (Jed = =5Hz ie first order coupling). However the
interesting features seen in this spectrum are -

-1- the 2 small bands on either side of Ho and to a lesser extent He

-2- the presence of small baseline features on either side of the imine 
function.

By offsetting the Hd signal by O.Sppm it was shown that these were not 
satellite peaks which would have reflected this offset and remained equally 
spaced on either side of the main peak - rather these features remained 
unaffected by the offset and thus they indicate the presence of at least 
one other conformation. Indeed by looking closely at these features it is 
possible to make out a triplet (lowfield) and a doublet(highfield) feature 
associating with Hd, and a triplet on the highfield side of He. 
Collaborative work with M.Drew is in progress in which the various
conformations and their relative energies (and hence the equilibrium
concentration) is in progress.

The splitting of the imine signal into a doublet with J=8Hz is the same 
value seen in the 400MHz spectrum giving support for the idea of Ag-Hs 
coupling.

The spectrum of 3Bp was simple with one signal per each carbon type.
The data is given in FIG. 64. A weak ‘‘̂ C spectrum of the disilver cryptate 
allowed us to note the existence of upfield shifts of 30-40ppm in the 
aromatic signals and =13ppm in the methylene signals. These shifts are
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likely to result from the different conformations of the free and complexed 
ligand. Fluxional behaviour was not observed in either of the ''=̂C spectra.

Cu^ will insert into 3Bp in inert conditions to give an orange crystalline 
product that is stable in air and microanalysis confirms that the complex 
Cu23Bp(C10a)z has been formed. The physical data for the compound are 
tabulated in FIG.65 while the nmr data are given in FIG.64 and the spectra 
shown in FIG.67.

The electronic absorption spectra shows the 2 ligand absorptions at 208 and 
260nm seen in the uncomplexed form of the ligand. However an absorption at 
362nm(e=8000) is likely to a MLCT transition although the TTÏÏ* or nIT* 
transition of the imine function might also account for this absorption.

The room temperature proton nmr of [Cu23Bp]=^ is quite simple. The 
methylene protons Hd and He are triplets ie a first order spectrum with 
AV/J>10. Each triplet component of Ho shows slight splitting (J=1.46Hz). 
The imine signal at 6“8.59 also shows slight splitting into a triplet and 
again J=1.46Hz. Thus there appears to be a long range coupling of the He 
and Hd protons. The triplet fine structure in the imine signal results 
from coupling to 2 Hd protons. The aromatic signal appears as a sharp 
singlet at 7.7ppm thus indicating that the aromatic rings are not 
sterically constrained and thus able to undergo free rotation about the C b - 

Cc bond. At 233K the methylene signals are significantly broadened. 
Indeed Hd is very close to its Tc appearing as a broad singlet showing 
shoulders rather than the definite triplet structure still observable for 
the He protons. The imine signal has lost the fine structure and appears 
as a slightly broadened structure. This may result from coupling with the 
copper nucleus which, as discussed previously, is unlikely to be resolved. 
The aromatic signal remains sharp and unsplit. Thus even at the lowest 
temperature the aromatic rings are freely mobile.

Unlike 3Bm, the reaction of 3Bp with Cu^^ gave only a very crude, poor 
quality product which was too insoluble to be recrystallized.
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R3Bm and R3Bp - The Qctaamino. Derivatives of 3Bm and 3Bp...

The imine functions in the macrobicyclic cyclophanes may be readily 
hydrogenated yielding the octaamine derivatives, R3Bm FIG.68-1 and R3Bp, 
FIG.68-2, which are superior in chemical robustness and flexibility to 
their Schiff-base parent derivatives. Reduced ligands of this type may be 
capable of acting as "hosts" for small guest molecules as they have 
polarity appropriate to the encapsulation of inorganic ions,or small polar 
organic guests. Indeed, their more flexible nature should/make it easier 
for them to accept a wider range of substrates than î their unreduced 
hexaimine form. | x

It was possible to reduce ligand 3Bp in a variety of ways: ^
a - on the isolated disilver or dilead cryptate
b - via in situ reduction of the silver or lead systems,
c - from the free ligand 3Bp.
d - via in situ reaction between terephthaladehyde, tren and BH^".

In each of the 4 cases sodium borohydride (RaBHa) was used as the reducing 
agent although conditions varied according to the method used. Yields also 
varied but were optimized when the metal templated species was isolated 
before being reduced. Hence method a gave a 41% yield, b, 22%, c, 34%, d, 
19%. In each case the product was a waxy solid which gave a strong mass 
spectral parent ion peak at 598.[3Bp + 12H+], 3Bm was similarly reduced 
using RaBH* but only methods c and d could be employed resulting in yields 
of 66% and 54% respectively. Again the parent ion peak in the mass spec 
was 598 corresponding to C3Bm + 12H'̂ ] , ie. the octaamino derivative.

Both octaamine ligands are soluble in dilute aqueous acids, presumably as a 
result of protonation at the amine nitrogens. Attempts to obtain a crystal 
suitable for X-ray structural analysis are in progress, using HBr, HCl and 
HI.

Physical data for R3Bm and R3Bp are tabulated in FIG.44 while their ir and 
uv spectra are shown in FIG.45-2, 45-4 and 46-2,46-4 respectively. The
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ir's of the products of the reduction reaction are very-different to those 
of the hexaimine parent macrobicycles. Gone is the strong signal at 
=1640cm-i associated with the imine function. The appearence of a medium 
intensity peak at 3298cm"’ for R3Bm and 3231cm-’ for R3Bp indicates that RH 
groups are now present and that the hexaimine ligand has been successfully 
reduced to the octaamine macrobicycle.

The uv spectra of the 2 reduced ligands (FIG.47-3, 47-4) show significant 
differences when compared to their Schiff base derivatives, however the 
spectra of the 2 reduced ligands when compared to each other are really 
quite similar. Both show a decrease in the intensity of their absorption 
bands (hypochromic effect) resulting from the loss of the imine 
chromophore. R3Bp also shows a blue shifted spectrum (hypsochromic shift) 
from that in 3Bp. Alternatively the signal lost is the ÏÏ-ÏÏ*-’ transition 
associated with the C=R function in 3Bp. Thus it appears that R3Bm having 
lost some of its steric constraints in losing the C=R is more like RSBp 
than 3Bm is to 3Bp where steric constraints and close approach of the 
benzene rings create significant differences in the hexaimine ligands. 
Both reduced ligands now show Xmax at 205nm(e=67,100) for RSBm and at 
204nm(e=34,000) for R3Bp although the extinction coefficients are again 
unreliable.

The proton nmr spectrum of RSBm is shown in 69-1, 69-2 and that of RSBp in 
69-3, 69-4. The relevant data is tabulated in 69-5. Reither of the room 
temperature spectra show any evidence of fluxional behaviour, or separation 
of the methylene group protons into the axial and equatorial components. 
Reduction results in the loss of the imine function, which eliminates the 
signal at 7.58 and 8.29ppm for 3Bm and 3Bp respectively, and the formation 
of a new methylene group. This comes ito resonance at 3.62ppm for RSBm and 
3.67ppm for RSBp.

The reduction process also creates six amino groups (RH), the signal of 
which is observed as a broad singlet at =2.2ppm at room temperature. 
However on cooling the system down to low temperatures the signal moves to 
higher fields (=1.7ppm). In each case the RH resonance was identified by a 
DzO shake. These room temperature spectra, which show no fluxional
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broadening support the idea that there is a greater degree of flexibility 
in these reduced systems which may indicate a greater amount of free space 
in the cavity. In -the case of RSBm there are no longer the abnormal shifts 
of the He protons caused by the close approach of adjacent aromatic rings.
The He signal which had been at S.SSppm in SBm now lies at 7,039ppm which
is a typical chemical shift for an aromatic proton. The appearance of the 
aromatic signal suggests that even in the reduced ligand a degree of steric 
constraint is still in operation.

At room temperature the Hf- and Hq methylene groups of RSBm 69-1 give a pair 
of sharp well resolved doublets. These are a result of order spectral 
complications (ie.Av/J < 10) leading to distortion of the Hf and Hq
signals. A simple 1st order spectra <Av/J>10> would have given 2 triplets 
each showing a 1:2:1 intensity ratio resulting from the time averaged 
picture of 2 equivalent neighbouring protons (equivalence resulting from 
the rapid interconversion of the axial and equatorial protons). As the 
temperature is decreased, the rate at which the axial and equatorial
protons are exchanging is slowed down and at 20SK the rate of exchange is 
very similar to the nmr time scale. Solvent viscosity may also play a 
significant role at these very low temperatures. Thus the signals have 
lost their fine structure and become broad featureless signals. If it had 
been possible to reduce the temperature further we might have observed the 
resolved triplet and doublet structures for the axial and equatorial 
protons frozen out into their unique sites.

An noe experiment was carried out to see if any information about the
conformation in solution for the reduced ligand, RSBm, could be obtained. 
Irradiation into the new methylene group,H^, at S.62ppm gave enhancement of 
the proton signals He (10.9%), Hb(5%), Hf(2.6%) and Hq(0.08%). However He
now comprises 2 protons, each of which in free rotation will enhance 
different protons, and so it becomes difficult to make any conclusions on 
the conformation of the system.

So the room temperature-spectrum of RSBm is an AA'BB* type spectrum which 
is complicated because of its 2nd order nature. This is a result of the 
easy interconversion of the axial and equatorial protons on the nmr time
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scale. Increased flexibility of this reduced species is implicit in these 
results and we therefore plan to investigate the ability of RSBm to 
encapsulate metal cations and small non-polar guests.

RSBp also shows a second order spectra with 2 triplets observed for Ho and 
He (resulting from the time averaged signals.)FIG.69-S. The intensity 
ratio of 1:2:1 is not observed due to minimal 2nd order distortions. Thus 
Av/J for RSBm < Av/J RSBp=10. (and only slight distortion of the triplets 
in RSBp). As the temperature decreases the rate of exchange of the axial 
and equatorial protons also decreases giving, at 18SK, broad overlapping 
singlets FIG. 69-4. Again increased viscosity at these low temperatures 
(suggested by the soft/broadened nature of all the signals at this 
temperature) may be playing a role in the broadening of the signals.

In SBp the aromatic signal showed signs of splitting and fluxionality at 
203K but for its reduced derivative, RSBp, even at 183K the signal remains 
unsplit. Again this result implies a greater flexibility in RSBp over the 
hexaimine 3Bp.

Attempted insertions of Ag"̂  into RSBm and RSBp have given very different 
results for the two ligands. Early attempts to insert Ag"̂  into RSBm 
indicate that this ligand does not show the tendancy to form complexes.
The product of this reaction however was not simply RSBm but the protonated 
species Hz RSBm (CFsSGa)^. IR shows strong signals for the triflate anion 
and microanalysis, FAB and Q results all support this structure. The 
double protonation may occur at the bridgehead nitrogens - obviously the L  ̂  
ligand must show weak basic properties. Basicity studies might be worth | ^ ^
investigation. It is not clear why this double protonation should occur ie 
whether it is a conformational/geometrical consideration or whether it is 
simply that the ligand offers a particularly favourable site for the 
proton.

On the other hand Ag+ inserted in RSBp successfully giving a 
microcrystalline product - ir, microanalysis and FAB all confirming the 
nature of the product (FIG. 65). The uv spectra of CAgzSBp]^"” shows a 
hypochromic effect when compared to [AgzSBp]^^ (Xmax 263 6=80,612 and Xmax
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261 e=5,960 respectively) Again this probably is a result of the loss of 
the chromophoric imine group.

My friend and colleague Josie Hunter has successfully developed the 
complexation chemistry of RSBp with the 1st row transition metals. Initial 
experiments show that the triatomic M-0(H)-M assembly is readily 
accomodated within this macrobicyclic host.

Despite two months concentrated effort the condensation reaction of tren 
with orthophthalaldehyde FIG.70-1 was not achieved GrpI, II, 1st row 
transition metals, Ag+ and Pb=^ were all used as potential templating 
agents but none of them succeeded in giving anything more than a rubbery 
polymeric product. However when the aliphatic dialdehyde - glyoxal was 
reacted with tren in the presence of a Grp. II metal ion and the PhaB" 
counter ion mononuclear cryptâtes were formed FIG.70. These template 
cryptâtes transmetallated successfully with the transition metals and some 
lanthanides. In all cases, except copper where a binuclear cryptate was 
obtained, the mononuclear cryptate was formed. This work was carried out 
by Josie Hunter. A possible explanation for the lack of success with this 
aromatic unit may be that it is on the " losing" side of a competing 
reaction, a monomer v's polymer competetion or alternatively a phthalamide 
type reaction may be taking place.
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The preparations involving DFF and 3F, are very sensitive to the 
temperature at which the reactions are carried out. Above 40=C two 
products are usually obtained - a rubbery polymeric product and a white 
powdery product which in the ir shows carbonyl (1690cm~‘'>, ITH2 (3240cm“  ̂) 
and imine (1630cmr') signals. This suggests incomplete ring closure. 
Contamination of the monomeric macrobicyclic product, by yellow polymeric 
material often occurs even at ambient. Such temperature sensitivity of DFF 
is common in furan based macrocyclic synthesis.

The electronic absorption spectrum of 3F, FIG,71-3, is dominated by a 
strong ÏÏ-ÏÏ* absorption at 280nm (6=10^), Two other absorptions at 218nm 
(e=10*) and 314nm (25,000) are also probably n-TT* ligand transitions. The 
very intense absorption may result from significant interaction of the 
furan and imine chromophores brought about by the increased electron 
density of the furan ring. This is a result of the presence of the oxygen 
heteratom in the furan heterocycle and is discussed more fully later in 
this section.

The general structure of the macrobicyclic 3F is shown in FIG.73-1. It 
shows a 3 fold non-crystallographic axis running through NCI) and N(2) 
which are 10.40Â apart. Other If-N distances are given in FIG.73-1. From 
FIG 73-2 we see that as in 3Bm the methylene carbons are eclipsed. The 
triangular array of aromatic rings is very similar to that in 3Bm with the 
3 furan oxygens 3.4, 3.4 and 3.6Â from the adjacent ring, (cf 3Bm He was 
3.6Â from the mean plane of the adjacent benzene ring). The imine 
functions diverge from the cavity and thus lie in an uncoordinating 
arrangement. Only the bridgehead nitogens lone pairs are directed into the 
cavity. Thus the dicarbimine functions are in a trans, trans geometry 
relative to the furan C-0 bonds - a conformation which has not been 
previously observed in a furan-derived m a c r o c y c l e . T h e  imine bond 
lengths of 1.26Â indicate that this is a fairly well localized -C=N-. 
This lack of conjugation should assist rotation about the furan-carbimine 
bond ie Gb •- Cc.

Unlike 3Bp in which each of the 6 outward pointing imine functions are 
coordinated to a water molecule, there is only one solvent per 3F
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macrocycle FIG.73-3. The water is in fact hydrogen bonded to imine 
nitrogens on 2 adjacent macrocycles; 0(11)-N(12), _3.00 (DÂ, 0<11)-N<22'), 
2.95(1)1. Hence the macrocycles are linked in one dimensional chains 
through the structure.

Thus 3F is a macrobicyclic ligand that offers a "cavity" about 10Â long and
4Â in diameter, which in its X-rayed conformation with the trans
arrangement of imine functions makes complexation unlikely. Michael Drew
has however shown using molecular mechanics that it is possible to go from
the furan structure-trans-trans, to the cis cis structure where the ligand
can bond to two metals. By assuming that the binuclear furan complex has
the same structure as the disilver thiophene complex (dicussed later) he
showed that this conformational change could occur by rotation about the
Cb-Cc bond. However this necessarily involves rotation of the methylene
bond close to the bridgehead sp^ nitrogen. Thus the trans trans to cis cis
conformational change involved in the complexation process is not a simple
rotation of the Cb-Cc bond and would seem to be quite complicated. FIG.73-4
shows one linkage from Msp^ to Msp^ in both the complexed Fig.73-4d, and

$
uncomplexed Fig. 73-^ form.

The nmr data for 3F is tabulated in FIG 74. while the spectra are shown in 
FIG. 75. These were run at Q.U.B on a 250MHz instrument by Dr.R. Hamilton, 
although the low temperature study was run on a 90MHz spectrophotometer. 
The room temperature spectrum on the 250MHz instrument is shown in FIG 75- 
1. The sharp singlet nature of the imine and aromatic signals at 7.73 and 
7.09ppm respectively imply non-restricted motion and this is in contrast to 
the 2 methylene signals which appear as 2 broad featureless humps lying 
close to Tc. FIG. 75-2 to 75-8 shows the change in the appearence of the 
spectra as the temperature is altered in small increments. Unlike 3Bp 
where Hd and He had very different Tc values (223 and 258K respectively) 
the methylene groups of 3F have very similar coalescence temperature values 
of 0’=’ for Hd and -5*C for He. Thus as the temperature is decreased a 
difference in splitting.of the equatorial and axial signals is not nearly 
so evident. As in 3Bp it was possible to determine if the fluxional 
process for the two sets of methylene protons showed the same AG*. The 
relevant figures are shown in the table below:-
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FIG.75-1 250MHz 294k



FIG.75-2 to 75-8 90MHz v.t.nmr study.

H, H,
FIG.75-2 294k FIG.75-3 283k

FIG.75-4 273k FIG.75-5 268k

FIG.75-6 263k FIG.75-7 253k

FIG.75-8 233k
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PROTOB
SITE

Hd
He

Av in Hz 
(from 233k 
spectra)

40. 9 
27,81

(%Av/2)

90.86
61.78

273
268

A
(KeTc/h)

5.688x10'=
5.584x10'=

AG"c
KJmol-'

56.43kJ
56.21kJ

The activation energy for the fluxional process of the methylene protons is 
56KJ which is =9KJ higher than in 3Bp. This can be rationalized by the 
fact that the cavity length in 3F is shorter than in 3Bp and thus there is 
probably a greater degree of steric constraint within the 3F molecule.

As in uncomplexed 3Bm and 3Bp the arrangement of the frozen out axial and 
equatorial signals are d(eq), t(ax), t(ax), d(eq), and the multiplicities 
of these signals have previously been discussed. Coupling constants from 
the 233K spectra were estimated at Jgem = Jaxax* = 11.5Hz,

At the low temperatures the aromatic signal remains sharp and unsplit and 
so shows no sign of restricted rotation about the Cb-Cc bond.

The ‘®Gnmr spectrum is simple consisting of one signal for each of the 
carbon atoms A-E -each shows the expected off-resonance multiplicity.
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GROUP II MBTAL IONS AND 3F

The template reactions of 3F with the GroupII metal ions were disappointing 
both in terms of the yield and/or the quality of product obtained when 
compared with the product obtained when the metal ion was inserted into the 
pre-isolated free ligand (yields=82%). The product of the C2+33 template 
condensation of tren and DFF on Ba=^, in the presence of BPh^ , as 
characterized by ir, microanalysis, F.A.B, FIG 72 and ' Hnmr FIG 74 is 
identical with that obtained by treatment of the free ligand, 3F, with Ba=* 
and PhaB- under mild conditions (Similarly the template reaction on Ag+ was 
less efficient than the insertion of Ag"̂  into 3F; see next section). That 
these insertion reactions take place supports the idea that, as in 3Bp, the 
interconversion of one conformer into the other (ie divergent when 
uncomplexed to the cis cis, convergent form when complexed) can be readily 
achieved.

Strontium and calcium were inserted into 3F; their template reactions gave 
products which from their ir appeared to be not completely closed, (ie FHz 
and C=0 signals). Thus a small series of Group II mononuclear complexes, 
resulting: from insertion reactions, have been isolated and characterized. 
The physical data for the three complexes is given in FIG. 72 and the nmr 
data is tabulated in FIG.74.

While the ir of the barium complex shows no obvious signs of water being 
present, both the strontium and calcium complexes have a broad feature from 
3600-2800cm“', suggesting the presence of water. This was borne out by the 
microanalysis where 2 waters helped fit the results. The ir of the 
strontium complex is very interesting with the imine peak being split into 
2 equal intensity peaks FIG.76-2a. This suggests that only 3 of the 6 
imine functions are coordinating the metal centres. That this feature is 
not observed in the ir of the calcium complex is interesting as is a 
comparison of the ir vc-n frequencies for the 3 complexes:-
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C=N (cm ' ) <SHc (ppm)
ir nmr

Ba3F(Ph*B)2 1621 8.16
8r3F(PhaB)2.2H20 1621,1644 8.13
Ca3F(PhaB)2.2H20 1640 8.10
3F 1634 7.73

It is perhaps possible to interpret these results in terms of coordinating 
(barium complex) and uncoordinating (calcium complex) imine nitrogens (with 
the strontium complex having 3 coordinated and 3 uncoordinated imines as 
suggested by the 1:1 ratio of imine peaks in the ir. By assuming that for 
the 3 complexes the furan oxygens and 2 bridgehead nitrogen atoms are all 
coordinating this implies a coordination number of 11, 8 and 5 for the
barium, strontium, and calcium complexes respectively. It may be that the 
2 water molecules, as indicated by ir and analytical data for the latter 2 
complexes, are coordinating the metal centre although the broad nature of 
the water signal makes this seem unlikely.

Unfortunately the low field nmr data does not support this explanation with 
only a minimal difference in the imine resonance frequency between the 3 
complexes. Indeed comparison with 3F indicates that in each case a 
coordination shift of =0.4ppm has taken place on complexation thus 
suggesting at least time-averaging of coordinated and uncoordinated imine 
shifts.

Further investigation and higher field nmr studies are planned.

The essential features of the electronic absorption spectra of the 3 
complexes are tabulated below for comparative purpose - the extinction 
coefficients (%-'cm"') are given in parenthesis.
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Xmax

3F 280 (130,000) 320 (25,000)
[Ba3F]=+ 210 (311,000) 283 (77,000)
CSr3F3=-^ 210 (135,000) 289 (43,000)
[Ca3F]=+ 210 (131,000) 289 (46,500)

The 3 complexes when compared to 3F, would appear to show a hypsochromic 
shift (blue shift). This may result from steric necessity resulting in 
loss of co-planarity, or alternatively from a decrease in conjugation of 
the imine and furan chromophores on complexation. The second absorption, 
e=10*, is likely to be a second ligand ÏÏ-ÏÏ* transition.

In each case the FAB spectrum. was very weak. For both the strontium and 
barium complexes the 2 main observable signals could be assigned to C M3F 
(PhaB)]^ and [M3F] Neither spectra gave a peak at 557 corresponding to
3F. The calcium complex on the otherhand gave a strong signal at 557 (90% 
of maximum peak). It is not known if this effect reflects the smaller size 
of the calcium cation and the above suggestion that it is not as strongly 
coordinated.

All 3 complexes gave conductivity values typical of a 1:2 electrolyte 
(10~=M). These 3 complexes were used to help determine a range of 1:2 
"nteutroty tes for\^i)~^M solutions. The results are given below,
(conductivités measured in and corrected for - acetonitrile).

COMPLEX Q 10-3% 0 10-*M

Ba3F(Ph*B)2 222 442
Sr3F(PhaB)2 250 460
Ca3F(PhaB)2 236 421
Ba3P(ClÜA)2 241 512
Sr3P(GlÜA)2 307 471
Ca3P(C10a)2 275 420
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The room temperature 90MHz spectra for the 3 complexes are shown in FIG 76 
while the data is tabulated in FIG.74,

All 3 spectra show;
a) varying degrees of fluxional behaviour
b) complexation shifts
c) singlets for the aromatic and imine signals.
d) Phd.B" aromatic signals and
e) . a water signal at different S

The spectrum of Ba3F(PhaB)z is shown in FIG.76-lb. A water peak at 6 2 . 1 is 
assumed to come from the CD3 CN solvent. The aromatic signal is sharp and 
unsplit and shows no complexation shift relative to the free ligand. I had 
felt initially that this implied the furan oxygen atoms were uncoordinated. 
However on comparison with 2 complexes of Ligand E (Chapter3:FIG.30) it 
would appear that this is unjustified. Both the barium and di-copper(1) 
complexes of ligand E have been characterized by X-ray structural analysis: 
the former complex shows coordinated furan oxygens and <SHa=6.97 whereas in 
the copper complex the furan oxygen atoms are not coordinating the metal 
centre and appear at 67. 19. This suggests that the furan protons are not 
very sensitive to coordination effects and thus we can only assume on the 
basis of the large cation size and the ir data that the oxygen atoms are 
coordinating the barium cation._______:_______________________________ _____

On the other hand the imine signal, He, shows a shift of 0.52ppm downfield 
as a result of the imine nitrogen donors coordinating the metal centre. 
The methylene signals, Hd and He , appear as unsymmetrical triplets as a 
result of small second order distortions. However the simple n+1 rule is 
essentially obeyed and from the splitting of the triplet Jde = 4.7Hz. This 
value probably reflects an average of the various axial, equatorial proton 
interactions. This implies a fluxional process rapid on the nmr time 
scale.

The spectrum of the strontium complex of 3F is shown in FIG.76-2b. The 
imine signal shows a coordination shift of 0.49ppm which is slightly 
smaller than that observed for the barium complex. This may be a
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reflection of the smaller size of the strontium cation resulting in 
slightly weaker coordination of the imine and metal centre. However the 
unsplit nature of this signal does not support a 1:1 ratio of coordinated 
and uncoordinated imine functions unless there is rapid exchange of cation 
between coordinated and uncoordinated environments.

The most obvious difference between the barium and strontium complexes is 
the appearence of the methylene signals. The higher He resonance has the 
water signal superimposed on it resulting in the obvserved unequal 
integral. However, more importantly, gone are the well resolved triplets
of the barium complex and instead we observe, at 90MHz, broad unresolved
multiplets. This implies that rotation of the GHz -  GHz groups is more 
difficult in the strontium complex than the barium complex. One way of 
interpreting these results is by considering that the smaller cation will 
pull the cryptand in around itself thus making the rotation of the
methylene groups more difficult ie increasing AG^ for the fluxional
process. It may be that this contraction of the ligand leads to assymmetry 
with respect to the imine functions which is detectable by ir but which at 
room temperature is averaged out by a rapid fluxional process on the nmr 
time scale. Low temperature, high field studies should be most useful in 
this case.

The ' Hnmr spectrum of the calcium complex of 3F is shown in FIG 76^bl As" 
with the other 2 complexes the aromatic signal at 6 6 , 9 9  is sharp and 
unsplit. The imine signal at #8.10 shows the smallest of the coordination 
shifts observed in the 3 complexes having a value of 0.46ppm. The water 
signal is observed as a broad singlet at 2.9ppm and it does not interfere 
with either of the methylene signals. The methylene signals are, as in 
strontium spectrum complicated multiplets, but appear to have sharpened up 
significantly. This sharpening up may result from a 'freezing out' of the 
axial and equatorial protons -these signals being uncompletely resolved in 
the 90MHz spectrum. Gertainly the blown up signal, shown in 76-3b, of He 
signal suggests overlapped triplet and doublet components. This implies 
that the GHz-GHz fluxional process has essentially been prevented which is 
in line with the proposal put forward in the strontium case of the pulling 
in of the cryptand making the methylene rotation move difficult. This
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contraction may be limited to the furan rings and bridgehead nitrogen atoms 
only thus leaving the imine functions uncoordinated.

It is interesting to note that in the spectra of the calcium and barium 
complexes (again 90MHz) the methylene carbons show very different 
behaviour. FIG. 76-4 and 76-5, for the barium and calcium complexes 
respectively show how in ECaSP]̂ ""' spectrum the 2 methylene carbons lie 
close together <Av=7.7Hz ) whereas in the Ba3F^^ these carbon signals are 
well split - Av=103.6Hz . Whether or not this effect can be rationalized in 
terms of the steric argument where a tightening up of the cavity affects 
the chemical shift of these carbons is not clear although it does suggest a 
significant difference in conformation.

The ready interconversion between the trans trans and cis^cis, conformers 
of 3F means that despite the unfavourable disposition of donor pairs in the 
solid state this cryptand can, as above , function as a mononucleating 
ligand for metal cations. Comparison with ligand E (Chapter 3, FIG 30) the 
furan based m a c r o c y c l e , suggests that ligand 3F may be useful for
forming mononuclear group I metal complexes.

Work with lithium has as yet only given the free ligand back while work 
with potassium is yet to get underway. Early attempts with sodium are more 
promising. The first reactions.gave ring opened products as evidenced by 
the carbonyl and amine frequencies in the ir.' More recently we obtained a
sample which analysed as Ma3F(CIO4) .MeCM 2H2O. That sodium is present was
shown by elemental analysis: for the above molecular formula % Ma
calc=3.09, %found=3.25. ' A conductivity value of 112 Scm^mol"^ was
recorded for this complex. F.A.B results suggest that the sodium cation has 
been incorporated into the cavity with peaks at 579 (100%) and 557 (16%) 
corresponding to EMa3F]+ and EH3F]^ respectively. A ^®Na nmr study is 
planned.

That the ligand 3F is also capable of forming binuclear complexes was shown 
by its reaction with silver. Although onlyà small amount of product (12%)
was isolated from the template reaction of DFF and tren on silver triflate 
(a rubbery polymeric substance was the main product of such a reaction)



FIGURE 77 'Hnmr of (Ag?3F)

FIG.77-1

- T

FIG.77-2
500MHz 233k



A Macrobî cyclic study Page 223

insertion of silver ions into 3F gave a clean pale yellow microcrystalline 
product in 68% yield. The ir suggests the presence of water or ethanol 
solvent molecules although analytical data is not yet available on this 
complex, FAB results certainly suggest a molecular formula based on 
Ag23F(CF3S03)2 giving peaks at 921(80%), 771(20%), 666(100%) and 558(65%). 
These correspond to [Ag23FCF3S03T+, [Ag23F]^, CAg3F]*̂ , [H3F3+ respectively. 
The conductivity value of 267 Scm^mol~\j,typical for a 1:2 electrolyte (10~ 
’̂M). The 3 observed signals in the electronic absorption spectrum all show 
e=10* and are therefore attributed to ITTF̂' ligand transitions.

The 500MHz 'Hnmr spectrum of this disilver complex has been run at room 
temperature FIG.77-1 and at 233k FIG.77-2. In both spectra the aromatic 
signal at ^7 ppm is sharp and unsplit. A significant feature of this 
spectrum is the splitting of the imine signal even at room temperature 
(recall that in the cases of the disilver complexes of 3Bm and 3Bp this 
signal only split at the lower temperature). Thus the imine proton and the 
silver nucleus can couple at room temperature which necessarily implies 
that the k g * is held within the cavity and not undergoing a rapid exchange 
process in solution as is believed to be the case of the analogous 3Bm and 
3Bp systems. This further implies that the silver complex of 3F is more 
stable than either that of 3Bm of 3Bp. Indeed [AgzSBml-^ has a bench 
lifetime of only a couple of weeks -after 2-3 weeks the complex becomes 
brown/black indicating a degree of decomposition has occurred; whereas the 
silver complex of 3F appears to be quite stable showing no signs of 
blackening even after several months, ([Ag38]^^ has remained yellow and 
crystalline and the sample is 2 years old! ) The splitting of the imine 
signal gives a JncAg = 7.95Hz. The methylene signals at room temperature 
appear as 4 broadened featureless humps corresponding to the axial and 
equatorial protons beginning to resolve into their individual components.

The low temperature spectrum shows that while the aromatic and imine 
resonances have remained unchanged the methylene groups are now "frozen" 
out into their axial (triplet) equatorial (doublet) equatorial (doublet) 
axial (triplet) signals. The high field axial triplet is further split by 
the smaller vicinal Jeax-Deq coupling. This coupling is not resolved in 
the Deq doublet although this signal does appear slightly broadened.
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The basic triplet appearance of the He axial signal suggests that Jgem = 
Jax-ax' and indeed this was found to be the case with J = 13.2Hz. The 
small JE«x-Deci = 3.2Hz, Ho couplings from the Dax, Deq, Eeq signals were 
available at the time of writing.
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TRAHglTIQH METALS ABD 3E_(IHSERTIQH REACTIONS)

Early attempts to prepare the transition metal complexes ol 3P were 
centered on the transmetallation reaction. These were not very successful 
giving low yields and unreproducable results. Indeed many attempts simply 
resulted in an anion exchange reaction. However recent work with insertion 
type reactions are proving much more hopeful. First attempts with 
manganese and cobalt seem to give, from their ir, a hydroxo bridged 
binuclear assembly. However we are waiting for microanalysis and FAB 
analysis. Products of the reactions of Cud) and CudI) with the free 
ligand have though been analysed.

The red microcrystalline product of the reaction of Cu^(MeCH)^(CIO).^ 
and 3F has been analyzed by ir, microanalysis, uv, (data tabulated in
FIG.78) and 'Hnmr (data in FIG.74 and spectra shown in FIG 79)

On the basis of the ir and microanalysis the di-hydrate form of this 
complex is strongly favoured. The ir shows two distinct absorptions at 
3743 and 3612cm" ' which might suggest the presence of 2 strongly hydrogen 
bonded water molecules. The strong sharp imine signal at 1629cm"' and the 
lack of 0=0 or HH2 absorptions suggest that insertion has occurred without 
ring opening.

The electronic absorption spectrum shows a very strong feature at Xraax = 
210nm (6=125,000) although the extinction coefficient is again unreliable 
being so near the solvent and/or cell cut-off. A second strong absorption 
at 285nm (6=70,000) is likely to be a ligand II-IT*- transition while the 
medium intensity signal at 410nm (6=4900) is assigned to the HLCT band ie
Cu^ dïï — > TÎ* of the imine or the furan unit.

From FIG 79 it is seen that the room temperature and low temperature (233K) 
nmr spectra are essentially similar so that even at room temperature the 
methylene protons are frozen out into their axial and equatorial sites. So 
well resolved are these signals that it is possible to obtain estimates for
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ail the couplings. FIG.80-1 shows the tree diagram rationalzing the pair of 
doublets obtained for each of the equatorial protons ie Homq and Hsmq.
From the analysis of coupling constants Jgem for He = 13.8 Hz while Jgem
for Hd  is smaller at 11.2Hz. This implies that the Hax C Heq angle, which 
determines Jgem, is different for Hd  and He . The further splitting of the 
equatorial signal is the result of the smaller vicinal Jeq-eq' or Jeq-ax' 
couplings. For the equatorial signals these 2 small couplings are not 
resolved and Jvic for Hd  = 3.6Hz and for He  = 3. 5Hz. However from an 
analysis of the axial signals from which only the Jax-eq' small vicinal 
coupling is possible (see below) Jax-eq' for He  = 3.9Hz and for Hd  = 3.1Hz
and thus it would appear that it is this Jeq-ax' coupling that is mainly
responsible for the further splitting of the equatorial signal.

FIG.80-2 shows the tree diagram rationalzing the appearence of the Ea„< 
signal. The basic triplet structure of the resonance suggests that Jgem = 
Jaxax' and indeed it was found that Jgem = Jaxax' = 13.8Hz (The value of 
Jgem from correlated well (.14Hz> with Jgem from the E«q value). The 
smaller Jax-eq' coupling was determined to be 3.9Hz.

The shape of the Dax signal differs from that of Eax, showing fine 
structure on each of the main component signals. The Dax signal is 
rationalized by the tree diagram shown in FIG.80-3. The complexity of the 
signal made it difficult to establish the mid/centre points of the various 
components of the signal and thus Jgem was determined from the axial signal 
as Jgem Dax = 11.GHz (compared to 11.2Hz from Deq signal). The complexity 
of the middle component of the signal compared to that of Eax results in 
part from Jaxax' (12.GHz) t Jgem. The smaller Jax-eq' coupling further 
splits the signals. Again there is a discrepancy between the 2 values
derived from the axial and equatorial signals. For Hd  Jax-eq' (3.1Hz) ^  

Jeq-ax' (3.GHz) - this is a consequence of the 2 differing Hax C Heq angles 
implicit in the different Jgem values for Hd  and He .

There is evidence of long range coupling of the Dax protons with the imine 
proton. This would account for the fine structure of the Hd  signals and 
also for the splitting observed in the imine signal at 8.2ppm. It was 
possible to determine a value for this long range coupling J c d  = IHz. By
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considering FIG.73-4, ie the proposed complexed form of 3F, it is possible 
to see how the imine and Dax proton can couple eg: take Hat and Has - these 
protons lie in a suitable arrangement for allowing a small degree of 
orbital overlap and thus coupling. Ho such overlap is posible with Deq, ie 
Has and no splitting from long range coupling is observed for Deq.

The aromatic signal is a sharp singlet C S 7 .IHz) at both temperatures and 
thus the aromatic rings appear to be freely mobile over the temperature 
range investigated. It is possible that a strong sharp singlet at 2.2ppm 
might incorporate the water that is suggested by both I.R and analytical 
data.

Evident from the 'Hnmr of this complex is the large difference in splitting 
of the axial and equatorial components of Hd and He . In this case AV Hax - 
Heq = 74Hz while AV Eax - Eeq = 179Hz. This large difference in splitting 
has been observed, in some of the other systems but as yet has not been 
commented on. The reason for this splitting difference is not clear and 
work, in collaboration with M. G.B.Drew is in progress. However an initial 
explanation (purely hypothetical) - involves the effect of the lone pair of 
the bridgehead nitrogen on the adjacent methylene protons. Consider 
FIG.81-1 and 81-2 which are drawn out representations of FIG.73-4 and 73-5 
respectively.

In the complexed form of the ligand 3F, 81-1, we see that the axial proton 
on E will experience the shielding effect of the lone pair on Ht. (effect 
brought about by increased electron density) more than Eeq and thus the 
difference in chemical shift between these 2 protons will be significant. 
This results in the pattern schematically shown in the diagram.

In the uncomplexed form, where only a 90MHz spectrum is available, neither 
Eax or Eeq will experience a significant shielding effect from the lone 
pair and thus, in the 90MHz spectrum at least, there is not a significant 
difference in the splitting of the components of Hd  and He  signals.
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If the lone pair on the bridgehead nitrogen does prove to be the source of 
such splitting effects then it could prove very useful in determining the 
conformation of a particular complex or ligand.

Copper (II) will insert into 3F giving a bright emerald green product. The 
physical data are given in the table in FIG.78. The ir spectrum shows a 
strong feature at 3423cm-^, which is commonly associated with the bridging 
hydroxide function. As in the green form of (Cu23Bm)*^ there are no signs 
of ÎTHs signals on the side of the 3423cm-^ band and thus it appears that 
the indicated hydroxo bridge has formed without ligand modification. Thus 
from the ir the molecular formula for this complex would seem to be Cuz3F
(0H ) ( C L0a ) 3.

Indeed, the results of FAB analysis would support this with peaks at 
899(65%), 800(75%), 699(50%) and 619(100%) corresponding to

, (y[Cua3F(0H)(C^0a)2]^, [ Cu23F(0H)C^043 ■̂, t CuaBFOH] and [Cu3F]+ respectively.
The conductivity value of 390 lies in a 1:3 electrolyte range<^^) and thus 
it would seem that the OH bridge remains in place even in solution.

3The electronic absorption spectrum of the complex shows a broad absorption , 
over 650-900nm (15300-11000cm-') showing Xmax at 730nm (e = 380). A poorly | 
resolved shoulder on the low energy side of this band suggests a square 
pyramidal 5 coordinate geometry for this complex. However without further 
evidence all we can really say is that the copper does not have a regular 
octahedral geometry. Other electronic absorptions were at 291nm (72700) 
and 212nm (39,000). A shoulder on the main absorption peak at =340nm (e- 
16,000) may be a LMCT band.

Magnetic and e.s.r studies are in progress and a RT moment of 
[Cus3F0H](C10/t)3 at only =0.6BM testifies to an unusually strong antiferro 
magnetic interaction via the single OH bridge. Ligand E, the furan based 
macrocycle discussed in Chapter 3 forms the complex Cu2E(0H)2(CIOa)^, HaO, 
the ir of which shows a signal at 3490cm-^ < b o >> ̂ This complex showed
antiferromagnetic interaction with = 1.37 Bm falling to p^aK = 0.72BM.

s4
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THE....QCTAAMIHE.. DERIVATIVE OF 3F le LIGAND R3F

An la situ room temperature reduction of 3F gave optimum yields for the
preparation of the reduced form of this ligand FIG 82-1 which was isolated 
as a creamy white solid. The physical data for this reduced ligand and its 
complexes is given in FIG.83 while its nmr data is tabulated in FIG 74. As 
expected the ir of the solid FIG. 82-2 gave no peak at -1640cm~’ showing 
that the imine function had been successfully hydrogenated. The appearance 
of a RH signal at 3249cm"^ confirmed this, as did the mass spec (m/e^ = 568 
ie 3F + 12H+)

The 250MHz ' Hnmr of R3F FIG 82-3 is interesting in that it shows only 3 
sharp singlets and a low intensity broad signal at #2.25. The latter was 
attributed to the 6ITH functions and a DzO shake confirmed this assignment. 
Although the aromatic signal is a sharp unsplit singlet it appears 
relatively highfield at 6.08ppm. This is a direct result of the aromatic 
ring being a 5 membered heterocycle. For such a ring to be aromatic the 
heteroatom must have two electrons to donate to the aromatic pi cloud. 
Furan, thiophane and pyrrole all meet this criterion. Because the 
heteroatom ie 0,8 or R for the above 3 examples, donate 2 electrons to the 
aromatic pi cloud the heteroatoms,,.are .electron deficient. However the 
rings have 6ÏÏ electrons for only 5 ring members. Thus the ring is electron 
rich and partially negative (ie. the ring carbons are the negative part of 
the 5-membered ring). It follows that the protons attached to these ring 
carbons will experience a shielding effect (relative to the ring carbons of 
a benzene ring) and thus come into resonance at higher fields. This effect 
is not observed in the unreduced ligand where conjugation of the aromatic 
ring and imine function pi clouds will serve to reduce the excess negative 
charge in the aromatic ring.

The new methylene group derived from the reduced imine function is presumed 
to be the relatively low field (for aliphatic sp^ protons) signal at 3.7ppm 
on comparison with the R3Bm and R3Bp spectra. The intergral value 
corresponds to 12H+. The remaining singlet, which shows some broadening, 
has an integral equivalent to 23.5 ie 24 protons; On comparison with the 
equivalent Hd  and protons of R3Bp (H f  and Ha protons of R3Bm) this
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signal is then assumed to be that of the Hd and He methylene protons
superimposed on one another, rather than the imine derived methylene group
with either He  or Hd . A higher field spectrum (ie 4OOHH2) spectrum should 
resolve these two signals. It is not easy to say why Ho and He are 
chemically and magnetically equivalent, which is implicit in their having 
the same chemical shift, when joined to 2 different types of R atom (Ho to 
a secondary amine and He  to a tertiary amine (bridgehead). From the 
spectrum it is interesting to note that we observe 3 different methylene
carbons signals. This may suggest that the carbons and thus the protons
associated with them are not equivalent by symmetry. The Ca carbon shows a 
significant shift of =llppm from the equivalent carbons in the unreduced 
form. Again this can be attributed to the electron density in the ring. 
This shielding effect is not observed for the Cb carbon atoms probably as a 
result of resonance forms of the ring cycle. (This aspect,is considered in 
the pyridine based cryptand 3?).

E3EL.-and.the Tranlsitlon Metals - Early Results

The reactions of R3F and the transition metals are currently underway but 
early results are encouraging that this ligand will be a useful transition 
metal host.

KtoE3.E.(.QH)<C£aSQ3).a 2H2O

Physical data for this compound is tabulated in FIG.83. The ir shows a 
strong sharp feature at 3564cm"^ which was assigned to a bridging hydroxide 
group. This feature was well resolved out of a broad absorption band that 
is often indicative of water being present. Indeed, microanalysis gave the 
best fit when 2 water molecules are included in the proposed formula Mn2R3F 
(OH)(CF3SÜ3)32HsO. fab analysis also supported this molecular formula 
giving signals at 1126, 994(82%), 773(100%), 623(12%) and 570(18%)
corresponding to [Mn2R3F(CF38Ü3)3] + , C MnsR3F(GH) (CF3SÜ3)2] ■*•, [ Mn2R3F
(CFsSOa)]’*', [MnR3F]and [HR3F3+ respectively. Ro peak corresponding to
[MhaR3F0H] was found and this may suggest that the OH is not strongly held.
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The conductivity value is above the range for the 1:2 electrolyte (10“^M) 
however it has not yet been possible to establish a range for 1:3 
electrolytes at 10"*M concentrations.

As yet only 10"^ and 10~®M solutions of this complex have been analysed by 
its electronic absorption spectra and thus we cannot report the d-d 
transition absorption spectra (Yields did not permit a 10~®M solution). 
The absorption at 219nm (e=18600) is assigned to a ligand mm* transition 
while those at 280nm (e = 2800) and 360nm (e = 290) are tentatively 
assigned to a furan nm* and a MLCT band respectively.
Preliminary magnetic susceptibility studies indicate a room temperature 
moment of 5.89Bm, suggesting interaction between the manganese(11) centres 
is not strong.

Co=R3F(0H)(CF3803)3 2H^Q

The ir of the product of the reaction between cobalt triflate and R3F in an 
MeCR/EtOH solvent mixture shows, as in the case of the manganese a strong 
sharp feature at 3558cm"^. Again this signal appears out of a broad water 
band and microanalysis results gave best fit for Co2R3F(0H) (CF3803)3 2HaO. 
The results of the FAB analysis are not easily interpreted. A signal at 
569(41%) is assignable to R3F. However the base ion peak at 615 is 
assignable to [Co3F]^+ ie the mononuclear form of the unreduced ligand. 
Although the mass spec of the starting R3F gave m/e+ at 568 (corresponding 
to R3F) with no signal at 556, 564 - 567 (indicating the presence of 3F or 
partially reduced ligand). The ir of R3F shows feint traces of an imine 
signal at 1650cm"’. Thus the binuclear dicobalt of R3F may be contaminated 
with mononuclear [Co3F]2+ impurities although FAB did not indicate the 
presence of 3F as there was no signal at 556. There were also many signals 
in the range 1100-1650 of the FAB spectrum which suggest ion association, 
however I was unable to assign them.

The uv showed 2 low energy d-d bands at 600nm/16,600cm"’ (e =190) and 
480nm/20,800cm"’ (e = 180), the former peak showing a shoulder on its high 
energy side. A broad baseline feature at 750-900nm (13300-11000cm“’) may be 
the third d-d transition. This appearance of the d-d absorption spectrum



FIGURE 84. MAGNETIC DATA FOR Co^R3F(0H)(CF^S0^)^.2H^0

T %w
Observed

U
Calculated

5.0* 10.73 6640 0.52
10.0 10.31 6400 0.72
20.0 13.06 8010 1.14
30.0 14.66 8947 1.47 8137
40.0 15.38 9368 : 1.74 9120
50.0 15.78 9603 1.97 9660
60.0 16.07 9772 2.17 9975
80.0 16.40 9960 2.54 1019
100.0 ■ 15.30 9315 2.74 1004

180 13.46 8244 3.48 8303

210 11.73 7225 3.50 7652

293 10.63 6587 3.96 6210

320 8.75 5487 3.76 5843

*This value was not used in calculation of J using Bleaney-Bowers 
equation (see Appendix 3). Best fit to this equation was obtained 
using:

-2J = 36 
g =2.17 
Na = 3.5 X 10-4

'Xm calculated 
X m  observed

T (k)
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suggests a low symmetry octahedral environment of the Co=+ ions, and the 3 
electronic transitions correspond, in order of decreasing energy, to the 

(F) — > ^Tig(P), ^Tig<F) — >^Asg, and ^Tig(F) — transitions
expected for octahedral symmetries. Other absorptions were observed at 
335nm (24000), 251nm (45000), 220nm (105000) and 210nm (198000). The band 
at 335nm may be a charge transfer band although at e=10^, it is perhaps too 
strong, and thus may, like the other bands be a result of ligand
absorptions.

A low temperature magnetic study has been carried out on this complex. 
Antiferromagnetic interaction is observed as expected for a complex 
containing paramagnetic centres bridged by a hydroxo group. The results 
are shown both graphically and in table form in FIG 84. From the graph the 
lîeel temperature (Tn ) is estimated to be =75K. Above this temperature 
normal Curie-Veiss behaviour is observed ie

X = C/(T-0)

ie. X Û 1/T

where C = Curie Constant 
0 = Weiss Constant.

and the magnetic susceptibility increases -with decreasing temperature. 
However below T n  the complex shows decreasing susceptibility with 
decreasing temperature. In a spin coupled system this is the result of 
the'spin' influence of the intervening hydroxo group which results in half 
of the ions having their magnetic moments lined up in the opposite 
direction to those of the other half of the ions within the binuclear 
assemblyc^^. ie. antiferromagnetic interactions.

The lowest temperature (ie 5K) susceptibility was discarded when 
estimating -2J from the Bleaney -Bowers equation. Its lack of fit with the 
rest of the data may result from paramagnetic impurity (possibly the 
mononuclear [Co3F]=+ indicated in the F.A.B) and also intermolecular 
interactions which generally only become significant at such low
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temperatures. On applying the Bleaney-Bowers equation (see Appendix 3 of 
Chapter 3) and by using a 'best-fit' program the following values were 
obtained:

-2J = 36cm-? 
g = 2.17
Hot = 3.5 X 10“  ̂cgsu.

where Ha is the temperature indepentant paramagnetism.A plot of %m observed 
against %m calculated is shown in Fig.84-3.

As yet no really satisfactory product has been obtained in the reaction , 
between R3F and Hi(II). Preparations involving the perchlorate or triflate 
counterion gave only tacky oils. However when tetraphenyl borate ions were 
present a dull green powder was isolated. This analyzed Hi=R3F(0H)= 
(Ph/tB)-j> 4HzO. As yet no further analysis has been carried out on the 
complex.

The Cu^ ion has also been inserted into R3F giving a yellow/green product 
which on standing in air gradually, over weeks, becomes a darker green 
colour. The initial product of the reaction analysed as Cu2R3F(C104)2 and 
indeed the ir of this product gave no evidence of water or other solvent 
molecules being present. Results of FAB analysis also support this 
molecular formula with peaks at 797(4%), 669(30%), 631(22%), and 569(100%) 
corresponding to [Cu2R3FC104l + , C H=;R3FG10a3 [ C u R 3 F 3 ,  and [HR3F3 + 
respectively. Again no further study has been made on this complex.
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This ligand has been reported both by Lehn<*o) and ourselves<s4>, it is 
the product of a Schiff-base condensation reaction between diformyl- 
pyridine (DFP) and the amine tren in methanol. FIG 85-1. The ligand is a 
macrobicyclic heterophane which offers an Un donor set and thus should be 
a useful transition metal molecular host.

As in 3F and 3Bp the ligand has been synthesized in both its metal free and 
templated form - the Group, 11 metal ions were very successful giving =86% 
yield. For the non template synthesis yields of up to =56% have been 
obtained. For pyridine 2,6-dicarboxaldehyde the only important conformer 
is trans trans<sT>, thus the Group II metal ion.in the template synthesis 
is redirecting conformer distribution to predominantly cis,cis through 
complexation prior to macrocyclization. The yield of the metal free ligand 
suggests that as in the case of 3F it is the trans trans conformer that 
leads to the formation of the uncomplexed 3P. It is however interesting to 
note that this reaction does not take place when dried solvents are used - 
indeed water (20-30ml) has to be added to the reaction vessel in order that 
a solid 3P product can be obtained. Until a crystal structure is obtained 
it is not possible to know if, as in the case of 3Bp, there are water 
molecules associating with the molecular framework of the macrobicycle.

3P AHD THE TEMPLATED FORKJB OF 3P

The physical data for 3P and its templated forms is tabulated in FIG. 86
while,the nmr data is given in FIG.87.

The . ligand 3P is usually isolated as a white microcrystalline solid,
however a set a cubic transparent crystals, suitable for X-ray structural
analysis, have been obtained and the structure is currently being solved. 
Uewkome has reported the ether derivatives of 3P<3s.es> pjQ s8-l and 88-2. 
The X-ray of 88-1 (Shown in FIG 88-lb) showed that the bridgehead nitrogen
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atoms have a planar configuration with crystallographically equivalent 
120’=’(sp"̂ ’) bond angles. This was one of the first X-ray structures of a 
molecule having nitrogen bridgeheads to contradict the up to then accepted 
in-in, in-out or out-out configuration arrangement of the sp® bridgehead 
nitrogen lone pairs<sG>, H’ewkome attributed the deviation from the 
anticipated sp® configuration to the observed planar sp® arrangement to 
skeletal rigidity of the bridges or intramolecular hindrance imposed by 
substituents on the bridges - these being two of the known effects that can 
determine the configuration of the bridgehead nitrogen. Thus Mewkome 
synthesized 88-2<®®) in which a methylene group is inserted between the 0 
atom and the aromatic pyridine ring in order to decrease steric 
constraints. The X-ray of this product, 88-2b, showed that the bridgehead 
nitrogen has an sp® non-planar configuration - thus the nitrogen lone pair
could be available for internal coordination.

The V. T. nmr. of 88-2 showed that the 3 pyridine rings are equivalent and 
freely rotating and that on average, one of the pyridine rings is included 
in the cavity. Coalescence of the pyridine rings occurred at -78*C 
although no estimate of AGc was reported. This is in contrast to 88-1 
where a greater degree of steric constraint within the molecule is 
evidenced in the nmr spectrum (lOOMHz). The following features were 
observed -

6-3.08 (t, FCHz, J = 6Hz, 12H)

64.32 <t, OCHs, J = GHz, 12H)

66.13 <d, 3,5 PyrH, J = 8Hz, 6H)

67.30 (t, 4, PyrH, J = 8Hz, 3H)

Thus the pyridine rings are no longer free to rotate but instead are frozen 
out into the doublet, triplet features.

As with the other ligands, ir, microanalysis uv, mass spec, and 'Hnmr have
all been used to confirm the cyclic nature of the macrobicycle 3P.



Fig. 89-1 300 MHz SPECTRUM OF 3P
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The ir of a crystalline sample of ligand 3P is shown in FIG 85-2. Despite 
the apparent need for the presence of water in the preparation, there is no 
indication that water is present in the isolated crystalline product
obtained on slow evaporation of solvent. However if the product is 
isolated very quickly using a rotary evaporator both ir and microanalysis 
show water with the latter giving best fit when 1 water solvate is 
included. The imine signal appears at 1647cm~'' with the pyridine signal at 
1583cmr'.

The uv spectrum of 3P is quite complicated and is shown in 85-3. Pyridine 
itself shows a broad band absorption at =240-2G0nm, and this band often 
shows fine detail (this may be lost in conjugated systems). As a
heterocyclic molecule the electron transitions can include nm* (E=10' in 
250-360nm range) and the m-m* transitions for both the pyridine and the 
imine functions. Both features can also give rise to charge transfer
bands. The main feature observed in the uv spectrum of 3P is the very 
intense absorption at 210nm (e=10®). The other signals all have 6=10^
which suggest they are also derived from m-m* transitions.

Mass spec confirmed the monomeric cyclic nature of 3P giving the m/e^ = 589 
(100%).

As yet only a 250MHz 'Hnmr spectrum and a 90MHz V.T.nmr study is available 
for ligand 3P. From the room temperature 250MHz spectrum FIG 89-1 we can 
see that the pyridine rings are, as in 88-1, frozen so that we observe a 
triplet for Ha  and a doublet for Hb . The difference between 3P and 88-2, 
for which a sharp singlet for the pyridine rings is observed, may in part 
be due to the steric constraint that the imine double bond places on the 
system thus preventing the free rotation that is observed in 88-2. This 
idea is given support from the 'Hnmr of the octaamine (reduced) derivative 
of 3P which shows only a sharp singlet for the aromatic protons indicating 
free rotation is possible when the imine functions are replaced by a single 
bond. The imine signal also appears as a sharp singlet. However it is 
interesting to note the chemical shifts of the aromatic Ha  and Hb  protons. 
The Ha triplet appears at 7.80ppm while the Hb doublet is at 8. Ippm (Jab = 
Jba = 7.8Hz). These signals appear significantly downfield from the
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expected aromatic resonance of -7. Ippm. On the other hand the imine 
singlet appears at 7.6ppm which is comparable with that observed in the 
other ligands in the study.

The deshielding effect observed for the aromatic protons may result from 
the close approach of the pyridine rings (recall in 88-2 one pyridine rings 
lies within the cavity). However a more likely explanation is probably 
that in which the effect of the heterocyclic ring is taken into account. 
Unlike the furan or thiophene heterocyclic rings which creates a ÏÏ- 
excessive system, the heterocyclic pyridine gives rise to a H-deficient 
aromatic systèmes?). This is reflected in the dipole moment of pyridine 
(2.26D) with the H heteroatom bearing the negative end of the dipole, (cf 
pyrrole 1.81D) and other 5 membered heterocycles such as furan and 
thiophene where the heteroatom bears the positive end of the dipole). Thus 
for pyridine, the aromatic protons will be less well shielded as a result 
of the reduced m electron density and thus appear downfield. The extent of 
deshielding may be reduced if there is significant conjugation with the 
imine function.

In the 3F system the shielding of the aromatic protons, is only observed in 
the reduced form of the:ligand when Ha appears at 6.08ppm. ■ That it is not 
observed in the unreduced form suggests that in 3F there is effective 
conjugation of the 2 chromophores. This implies that in 3P therefore, 
conjugation may be less effective as such a significant deshielding effect 
of Hb  is observed. Alternatively in 3F, where the aromatic rings are free 
to rotate the signal given is the time averaged value of adjacent ring 
currents. In 3P where rotation is prevented, no such averaging is 
possible.

At room temperature in the 250MHz spectrum the methylene signals appear as 
broadened singlets (with He  significantly broader than He ) The V.T.nmr 
spectra (90MHz) for the methylene protons are shown in 89-2 to 89-7. 
Although at room temperature some second order splitting of the signals is 
observed, by 283K resolution is being lost so that by 273K and 263K the 
coalescence temperatures for He  and He  respectively are achieved. By 243K 
we observe that He  is beginning to resolve into the equatorial doublet and
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higher field axial triplet (as in 3F, 3Bm and 3Bp) and by 223K these
signals are well resolved. Hr however shows no tendency to split into its 
axial and equatorial components. Thus AG*c can be calculated for He only 
and AG = 56KJ. This is the same value calculated for 3F and therefore is 
again larger than that obtained for 3Bp which has the larger cavity length.
Thus it would appear that increased cavity length in 3Bp plays a
significant role in reducing the steric constraints within the 
macrobicycle. The '’®C spectrum gave a six line spectrum as expected. 
However this was returned without the off resonance spectrum and thus
accurate assignment of the carbon signals cannot be made.

Pa3F (CXQ4>.2

The physical data for the Ba, Sr and Ca complexes of 3P is given in FIG 86 
while the nmr data is shown in FIG 87.

The complex analysed as the anhydrous molecule although the ir had shown a r\
broad band at 3500-3000cm“'* usually indicative of the presence of water. 
Neither the imine or pyridine peaks show significant shifts from the 
uncomplexed 3P, although the intensity of the signals is reversed compared 
to 3P ie in 3P the imine signal was more intense than the pyridine whereas 
in the complexed ligand the pyridine signal becomes more intense than the 
imine. The FAB spectrum gave signals at 826 (100%) and 727 (3.7%)
corresponding to (Ba3PC10a)^ and (Ba3P)* respectively. There was no signal 
at 590 corresponding to (H3P)^. Again, it is not known whether this 
indicates that the cation is tightly bound within the macr.ocyclic cavity - 
however results - or lack of results! - in the transmetallation attempts 
(discussed later) might suggest that this is indeed the case.

The electronic absorption spectrum of the barium complex is very similar to 
that observed in 3P. Again it is a very intense absorption at 210nm (e- 
10®) that dominates the spectrum. A broad shoulder on this peak at 260- 
280nm (e=10*)may be the mm* transition associated with the pyridine ring. 
However this is the region where nm* absorptions are expected to be seen 
and thus the band may be an intense nm* absorption.
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The conductivity value of 241Scm==mol~'’ for a 10~®M solution falls in the 
range expected for 1:2 electrolyte (for Q = 510 ScnP mol"'')

The ■'250MHz Hnmr spectrum of Ba3P(C10A)2 is shown in FIG 90-1 and some 
interesting features are observed when compared to the uncomplexed ligand.

The imine singlet has undergone a 0.83ppm downfield shift on complexation 
(a 0.37ppm downfield shift was observed for the coordination shift in 3F 
and Ba3F(Ph4B)2>. This suggests a strong interaction between the imine 
nitrogen donors and the metal centres resulting in a significant loss of 
electron density from the imine double bond and thus the observed 
deshielding of the imine proton. The Ha triplet is also deshielded on 
complexation (0.43ppm) whereas the Hb doublet appears to become more 
shielded (0.3ppm) as a result of complexation. Thus the arrangement of the 
signals in Ba3P(C10a)z ie.(Ho singlet, Ha triplet, Hb doublet) is reversed 
compared to 3P (Hb doublet, Ha triplet. Ho singlet). The reason for this 
may be rationalized on the basis that compared to benzene, coordinated 
pyridine is further activated at the para and ortho (to the M heteroatom) 
ring positions which essentially assume a net positive charge FIG.91-1 and 
91-2. This results in the protons at position A being deshielded relative 
to those protons in position B.

These results suggest that the 6 imine N's and the 3 H's of the pyridine 
rings are all coordinating the barium centre.

From 90-1 it is observed that not only are the aromatic signals frozen out 
at room temperature but that the methylene signals are also frozen. The 
axial triplets are well resolved and analysis of Fax suggests that Jgem = 

= 13.06Hz and thus the fine structure is. a result of the small 
vicinal coupling Jrax-Eeq = 2.75Hz^ Analysis of Em* gives Jgem = =
10.9Hz. Thus Jgem for E Z for D which implies that the Hax C Heq
angles are different for the 2 methylene groups.

The 2 equatorial signals are not fully resolved and it is not possible to 
determine any of the coupling constants from them. The integral confirms 
that this multiplet is derived from the 2 equatorial protons. High field
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spectra will greatly assist the analysis of the 'Hnmr spectrum of this 
complex,

8r3P(C10k)2 2H^o

Both the ir Fig.90-3 and microanalysis of this complex indicated that water 
was present- in the former as a sharp feature at 3533cm"^. As in the 
barium complex the pyridine signal at 1584cm"^ is more intense than the 
imine signal at 1644cm"’. F.A.B results again show no signal for the free 
3P ligand with only 2 observable peaks showing at 776 (100%) and 667 (31%) 
corresponding to [Sr3P CIOa ]'*' and [8r3P]+ respectively.

The electronic absorption spectrum showed a very intense ligand absorption 
at 210nm (e = 10®) and two other tutu* transitions at 280nm (e-lO*) and 305nm 
(e-10^0 with the former likely to be the tutu* transition associated with the 
pyridine ring. A weaker band at 340nm (€=10^) is less easy to assign being 
too intense for the nïï* transition associated with either the pyridine or 
imine function. The conductivity value of 307 ScmPmol"’ (10"®M) is high 
for a 1:2 e l e c t r o l y t e (471 for 10"*M).

The 300MHz nmr spectra of Sr3P (C104.)z; 2HzO is shown in FIG 90-2 - the 
relevant data is tabulated in FIG. 87. The arrangement of the Ha, Hb and Ho 
signals is the same as that in the barium complex ie Ho singlet. Ha 
triplet, Hb doublet and can therefore be rationalzed in the same way. 
Indeed the chemical shift value of these signals in the two complexes are 
very similar indicating that in both cases there is strong coordination of 
the metal centre. For the smaller metal this implies that the ligand will 
have been pulled in around the cation to get the same good fit achieved 
with the larger barium cation.

The methylene, signals are now better resolved than in the barium complex 
although it is not obvious which doublet goes with which triplet. However 
signs of fine structure of the highfield doublet and triplet make it likely 
that these 2 signals are related by coupling ie and Jeeq-rax are
observed. Thus it may be that the two doublets have exchanged places.
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However if this is the case then the spectrum should be well enough 
resolved so that the coupling constant for F should be the same from
both the F axial and equatorial signals and Jgem for E should be the same 
from both its component signals. Analysis of the signals gives:-

From the low field triplet, Jgem = Jaxax' = 10.61Hz

From the high field triplet, Jgem = Jaxax' = 12.5Hz
Jax-eq' =3.41Hz.

From the highfield doublet, Jgem = 9.58Hz.

From the lowfield doublet, Jgem = 14.15Hz.

Certainly .the 2 smaller values for Jgem come from the low field triplet and 
the highfield doublet which suggests that it is these 2 signals that are 
related by coupling. However the 2 larger values are quite different and 
are probably complicated by the smaller couplings. High temperature nmr 
experiments which are planned should clarify the situation if coalescence 
can be achieved.

Ca3F<QlP4>2.2H2q.

The calcium complex of 3? gave an identical ir spectrum to that of the 
strontium complex showing a sharp feature at 3528cm"’ attributable to the 
waters that both ir and microanalysis indicated. However in the case of 
this complex 3 rather than 2 waters gave best fit to the data. Unlike 
[Ca3F]2+; [Ca3P]=^ shows no sign of the free ligand in the FAB spectrum. 
Peaks at 728 (100%) and 629 (46%) corresponding to [CaBPClO*]^ and [Ca3P]^ 
respectively showed that the complex was mononuclear. A small peak at 746 
(15%) could be attributed to CCaBPClOa.HzO] which may thus indicate a small 
degree of ring opening. However 647 does not appear. > GcvB̂  '
The uv shows several mm* transition absorptions at 210, 230 and 306nm (all 
show 6=10*). A less intense absorption at 344nm (e = 2000) may be the nm* 
of either the imine or pyridine functions.
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A poor 300MHz ' Hnmr of the calcium complex shows the same arrangement of 
aromatic and imine signals. Although a sharp high field triplet and 
doublet can be made out as in the strontium case it is not possible to 
determine if the doublet is related to the high field or low field triplet 
signal. Again a high temperature and high field study is planned.

It is interesting to note that this series of complexes represents the 
first case (except perhaps for: ICa3F]^^ where the evidence is not 
conclusive) in which all the. signals are frozen out in the complexed form 
of the ligand at room temperature suggesting a tight fit of the metal ion 
within the macrobicyclic cavity.
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ATIEKPTED TKAISHETALLATIQgS QE-BaaF.<ClQii):

The results of the transmetaHatIon reactions of BaSPCClOA)^ have been very 
disappointing and have been irreproducible. Any reasonably "hopeful" 
products were analyzed by ir,microanalysis,FAB, p,and uv. FAB results 
often showed peaks at 826 CBa3P<C104)]‘*‘ and 727 (Ba3P)+ showing that the 
product was (often severly) contaminated with the starting material. On 
the basis that this was a result of the barium fitting too tightly in the 
cavity the smaller cations, strontium and calcium were used. However there 
was no improvement with the starting template species clearly in evidence 
in the FAB spectrum. On the 'Hnmr results of the 3 template species I feel 
that the failure of the transmetallation reaction for the three complexes 
is a reflection of an "over efficient" template reaction in which the 
template ion fits so snugly in the cavity that it is difficult to remove. 
Despite this, some products have been isolated and characterized and the 
data is tabulated in FIG.92

KAffQABESE USD Ba3P<ClQ^?2

Only one product has been obtained in the reaction of manganese and 
[Ba3P]3+. When Mn(010^)2. 6H2O and Ba3P(C104)2 were stirred together in 
the presence of HCS~ (stirred 48hrs at room temperature) a small amount of 
a fine yellow precipitate formed.

The ir of this solid showed a relatively sharp feature at 3379cm"’ 
attributed to OH and a signal at 2073cm"’ which can be attributed to 
terminal coordinating thiocyanate. On the basis of ir and microanalysis 
the molecular formula is Mn23P(0H)2(SCIT)2. 2MeCH.

A room temperature magnetic susceptibility measurement using this formula 
gives p = 5.25Bm, implying that the dinuclear formulation is correct. ,

a
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The <10“®M)uv of this complex showed several ligand mm* transitions at 
275nm, 242nm, and 210nm <e = 10*>. A broad absorption at SOOnm <e=10*) may 
be another mx* transition or alternatively a charge transfer band. Not 
surprisingly given the low solubility no d-d transitions were observed.

From the data available it is not possible to reach any conclusions on the 
coordination geometry. (Also the FAB spectrum in this case was not strong 
enough to be useful).

Recent attempts failed completely with the FAB base ion peaks at either 
826(BaSPClO^.)’*' or 727(Ba3P) + . A small peak at 645 (12%) corresponds to 
(MnSP)®*' which suggested a small amount of cation exchange had occurred. 
Thus we Increased the reaction time, and/or the reaction temperature but
these steps did not improve the degree of transmetallatlon.

lEOailD-Alffi BaSP <C1Qa>2

Again many of these attempts failed with poor microanalysis, FAB which 
indicated starting template species, and in general poor quality products. 
However one preparation did yield a deep purple powder product.

The ir showed a strong broad water peak as well as perchlorate and 
tetraphenylborate features. The 1:1 intensity ratio of the anion peaks 
suggested a molecular formula FeSP(CIO^)^(Ph4B>2 xHsO. Data from the 
microanalysis suggests X = 2 or 3, but the result is not conclusive. The 
complex was insoluble in MeCN and so no 0 or uv data are available,

A FAB analysis gives no evidence of the reactant barium complex but shows 
only one relevant peak at 1339(18%), which corresponds to [Fe23P(Ph4B)s].
The base ion peak, 907, corresponds to C3P Ph^BI^.

Although further transmetallatlon attempts failed, insertion attempts seem 
more hopeful and are discussed in the next section.
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COBALI-MP. ■Ba3P.(ClQA>2

The reactions of cobalt and Ba3P<C104.>2 have had some limited success with 
a mononuclear complex CCo3P(C104.>2 BHsOl and a "suspect" binuclear complex 
[Coa 3P(0H)=] CCoŒCS)^] 2H=0

Despite adding NaNCS to the reaction a reddy brown microcrystalline product 
was obtained which analysed as Co3P(CL04)a 2HaO. The ir of the product 
showed a very sharp feature at 3551cm"’ which may indicate that 1 or both
of the waters are strongly coordinating the metal centre. Although the
pyridine signal is unsplit at 1595cm"’ the imine signal has a definite 
shoulder on it which may indicate that only some of the imine functions are 
coordinating. Indeed the mononuclear nature of the complex necessarily
implies that the 3 pyridine 'ÎT',6 imine *N' and 2 bridgehead 'N' atoms
cannot all be coordinating. The uv spectrum of the complex looks 5
coordinate in profile with 2 observable d-d bands at 495nm (20,200cm"’
: 6=500) and a broader band at 1030nm (9700cm"’: e = 100). Indeed it is 
known that Meetren ie ^(CHaN(0113)2)3 forms 5 coordinate complexes of Co(ll) 
and gives rise to the high spin derivative showing a magnetic moment of

For the complex Co3P(C10a)2 2H2O the room temperature moment is 4.9Bm 
which is above the spin only value of 3.89 suggesting orbital contribution* 
És expected the value reduces slightly on reducing the temperature (peo = 
4.58Bm.)

The mononuclear nature of the product is surprising since both manganese 
and iron can form binuclear complexes. However FAB analysis supported the 
mononuclear nature of the product with peaks at 747(57%) and 648(100%) 
corresponding to the mononuclear [CoBPClO*]^ and [Co3P]^+ fragments. 
There was no evidence for binuclear species or of the starting barium
complex.

Conductivity also supported the mononuclear formula showing a value of
274ScnPmol~’ which is typical for a 1:2 electrolyte.
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A green microcystalline product was obtained when (Ba3P)^+, Co(C104.>26H20 
and NaNCS were stirred at room temperature. Although both ir and 
microanalysis- supports the molecular formula (Co23P(0H)z) <Co<NCS)a) 2HzO 
there are several conflicting results.

Firstly from the ir the thiocyanate frequency for the cobalt
tetrathiocyanate anion comes at 2048cm~’. However using HgCo(NC8)a as a 
reference compound for this counter ion, the thiocyanate signal was
observed at 2095cm"’. Unfortunately no uv comparison could be made as both 
were insoluble in MeCN. This also prevented conductivity measurements 
being made.

Secondly although good fit is observed for the proposed molecular formula 
and the results of microanalysis, the F.A.B spectrum shows that there is 
reactant barium complex present with signals observed at 826(22%) and 
727 (50%). The base ion peak at 648 does however correspond to C Co3P] and
a peak at 706 (28%) could either be due to [Co3PNC8]^ or [Co23P]=+.

Further attempts to prepare this compound have not been successful.

Nickel an<LJBa3P,(ClQAl2.

Two complexes were isolated in the various attempts at transmetallation 
using Ni(11) ions.

In the absence of the thiocyanate ion a yellowy green microcrystalline 
product was isolated from a room temperature stir of NKCIOa)^ 6H2O and 
Ba3P(C10A)2 in methanol.

The ir is Interesting in several respects. Firstly the broad water region 
has a sharp feature superimposed on it at 3543cm"’ which was attributed to 
the presence of bridging hydroxide. Secondly the imine signal is split into 
two signals in a 1:2 intensity ratio FIG.93. This suggests that not all 
the imine functions are coordinating the metal centres. From a comparison 
of frequencies with the other 3P complexes the signal at 1655cm"’ is likely
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to be that of the coordinating imines while the signal at 1640cm-’ is
likely_ to _bê  from the uncoordinating imines. The molecular formula
ITi23P(0H)2<C104)2 2HsO provided best fit for the microanalysis data. As in 
the previous complex FAB shows the presence of the reactant barium complex 
with 826 (13.6%) and 727 (9.1%) signals evident. Also present were signals 
at 746 (70%) and 647 (100%) which correspond to [Ni3PC10*]+ and [NÏ3P3++ 
respectively. Thus the FAB result gives no evidence for the binuclear 
bridged assembly suggested above. The magnetic monent of the complex also 
shows no evidence for a binuclear system showing pssa = 3.1 reducing
slightly to jieo = 2.8, This result then also points to a mononuclear
nickel complex.

Lack of solubility prevented solution uv (or conductivity) measurements but 
a mull spectrum shows 3 broad features centered at 920nm (10,800cm“’) 580nm 
(17,200), 420nm (23,800cm~’). This suggests an octahedral coordination
geometry for the nickel.

A second nickel complex of 3P was also isolated and ir and microanalysis 
suggest the molecular formula Ni23P(0H)(SCN)3 2H2O, (The imine signal 
appears split as in the previous complex). Unfortunately solubility - or 
lack of it - meant that FAB solution uv or conductivity measurements were
not possible. A uv mull spectrum again showed the 3 broad features at
970nm(10,300cm~’), 610nm (16,400cmr’) and 440nm (22,700cm~’) which 
suggests an 'octahedral' geometry for the nickel centre.

Although the magnetic data suggests a binuclear complex, a room temperature 
moment of 3.IBm per Hi(11) (reducing slightly with temperature peo=2.8Bm) ft ̂  
suggests that interaction between the metal centres is small. . %

No transmetal lat ion attempts with Cu(ll) or Cud) ions were successful.

All in all the ligand 3P did not live up to our 'expectations' that this 
Ni 1 donor would be a suitable transition metal host. Certainly from the 
results it would appear to be 'too successful' a Group II metal host. 
Indeed for the 'binuclear' complexes that appear to be mononuclear on a 
magnetic basis it may be that a heterobinuclear assembly of the Group II
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template cation and a transition metal cation is being formed at least as 
an impurity. Further work is currently in progress.

lEB INSERTION REACTIONS-QE-3E

The startling lack of success with the transmetallation reactions prompted 
us to try insertion reactions. This approach appears to be more hopeful 
and so far two complexes have been isolated and characterized.

Fe23r(0H><C10̂ >a 4HzO

The quality of product obtained from the insertion reaction of iron (11) is 
much superior to that from the transmetal lat ion reaction. The yield was 
also significantly improved. However the 2 products are very different 
with the product of insertion appearing, on the basis of ir, microanalysis 
and F.A.B results, to form a single hydroxo bridged binuclear assembly.

The ir of the deep purple complex showed a sharp feature at 3419cm-’ 
emerging out of a broad peak and indeed best fit for the microanalysis data
was achieved when 4 waters were included in the molecular formula

//Fe23P/| (OH)(C1Üa )34H2Ü. The product was very insoluble and thus 
recrystallization was not posible. It also prevented solution uv or 
conductivity analysis. A weak FAB spectrum however gives some evidence for 
the proposed molecular formula giving peaks at 919 (14%) and 645 (21%) 
which correspond to [Fe23P(C104)2ÜH]+ and [Fe3PT+ respectively.

A magnetic study is currently in progress to establish the magnetic 
-olL properties of the complex, but initial room temperature susceptibilty
X x  • results (p = 1.6Bm / Fe=+)suggest a singlet ground state for Fe=+, with

X  iron using 10 of the available 11 ligand donors together with pOH, \

\'e
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Cû 3PCClQ̂ )rp 2H=0

Although attempts to insert copper(11) ions into 3P have been unsuccessful 
a black crystalline product has been obtained with CuiZ

The ir of this product shows that the imine signal is unsplit suggesting 
that all the imine functions are coordinating the metal centres. The 
broad appearence of the water signal and the unsplit nature of the 
perchlorate signal makes it seem unlikely that these groups are 
coordinating the copper. A conductivity reading of 411Scm=-'mol“’ for a 10~‘̂M 
solution lies at the low end of the range established for 1:2 electrolytes 
at this concentration.

The black colour of the product suggests a Cu^ to pyridine charge transfer 
absorption®® and an absorption at 455nm (e=5300) is attributed to this. 
Two other absorptions at 280nm (e-14400) and 212 (e-52000 "unreliable") are 
both attributed to tttc* transitions.

The data for the 'Hnmr is tabulated in FIG.87 while the room temperature 
and 233K spectra are shown in FIG.94-1 and FIG.94-2 respectively.

The room temperature spectrum shows only one relatively sharp signal ie the 
imine signal, Hd , at 8.52ppm. The and Hb signals appear as broad 
features but on the basis of the 1:2 integral ratio the higher field signal 
at 7.8ppm can be assigned to Hb while the lower field signal at 8.14ppm can 
be assigned to the Ha proton. The broad nature of these 2 signals 
indicates a fluxional process very similar in rate to that of the nmr time 
scale. The methylene signals are broad and from the integral it is clear 
that the Hf signal has split into its axial and equatorial signal with the 
lower field component having been incorporated into the unresolved He 
signal. Thus once again the higher field signal (ie the protons a. to the 
bridgehead nitrogen) are significantly more split and thus have a higher Tc 
than the protons oc to the imine nitrogen.

The low temperature spectrum shows well resolved aromatic triplet and 
doublet features with Jab — Jb a = 7.8Hz. As in 3P and its templated
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complexes Ha appears downfield from the expected aromatic resonance 
position and again is attributed to the further activation of the para 
position on complexation as has already been discussed.

The methylene signals although better resolved are quite complicated. The 
high field triplet is assigned to F«x and from this we obtain Jg«m = 
12.97Hz and = 2.05Hz. The small difference in Jg*m and
accounts for the broad nature of the middle component of the triplet.

The integral of the low field multiplet shows that the Hf equatorial
doublet is incorporated in the multiplet. The multiplet appears to be
composed of 2 doublets and a relatively high field axial triplet which 
suggests, the previously unseen arrangement d(eq), d(eq), t(ax), t(ax). 
From the various components we obtain:-

Lowfield doublet: Jgem = 9.176, Jeq-ax' = 2.27Hz

Highfield doublet: Jgem = 14.16Hz

Lowfield triplet: Jgem = 10.58Hz, Jaxax = 10.54Hz, Jax-eq' = 2.51Hz

Highfield triplet: Jgem = 12.97Hz, Jaxax = 13.37Hz, Jax-eq' = 2.05Hz

Thus it appears that the arrangement of signals is Eeq, Feq, Fax, Fax. The 
Hax C Heq angles are different for the 2 methylene groups because:-

J e «»c|F»ix ^ J f « x E« c|

The arrangement of the signals implies that both equatorial protons are 
deshielded relative to the 2 axial protons and that Feq is significantly 
deshielded relative to its axial counterpart.

The low temperature spectrum provides strong evidence for the presence of 
additional conformers. The lowfield feature at the imine signal suggests 
the presence of a conformer (in reasonable proportions) and it may be that 
the multiplet at 3.5ppm is also due to additional conformers. Certainly
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the high field triplet has two relatively strong features associating with 
it that suggests additional conformer.

E2£

As with the other ligands in this series 3P was successfully reduced. 
Physical data for the octaamine derivative is given in FIG 87.

I.R, microanalysis and mass spec were used to determine that reduction had 
been successful. The ir FIG.95 showed the normal features for such a 
reduced ligand ie signals at 3327, 328Ocm-^ ClîH) and the absence of signals 
at =1640cm-i indicated that the imine functions had been hydrogenated. 
Mass spec gave a strong signal at 601 (69%) which corresponds to 3P + 12H+- 
ie the octaamine derivative of 3P. The uv spectrum of R3P is very similar 
to 3P except that there is a significant decrease in intensity of the 
absorption peaks resulting from loss of conjugation ie

3P 311 (151,000) 254 (25,600)
R3P 210 (46,200) 264 (16,000)

Although the high energy signals are lying close to solvent/cell cut off 
points the relative magnitude of the extinction coefficients are probably 
real enough.

The room temperature ' Hnmr spectrum of R3P is as expected showing the new 
CHz signal (ie derived from the reduced imine function) at 3.9ppm and a 
broad EH signal at 1. 4ppm. It is interesting to note that Ha is now at 
relatively normal aromatic resonance ie at 7.52ppm with H© at 7.08ppm. 
This is the reverse situation to 3F -> R3F where it was only in the reduced
form of the ligand that the effect of the oxygen heteroatom was effective
in shielding the aromatic protons.
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As yet this ligand has not been investigated with respect to its 
complexation properties.

2P USD 2?ch3.

The ligand 2P FIG 96-1 was obtained whilst trying to prepare AgaSP 
(CFsSOa)^ by template methods (the hexafluro phosphate derivative has been 
reported by Lehn^o). on slow evaporation of a beaker containing AgNOs , 
tren, DFP and excess triflate ions in MeOH/MeCH yellow crystals of X- 
rayable size were obtained (no solid product was obtained when excess 
hexaflurophosphate ions were used!). Physical data for this complex is 
given in FIG. 97. The ir of these crystals - shown in FIG. 98 - is 
interesting in several respects. Firstly the appearence of 2 bands at 3318 
and 3275cm-^ and no signal in the carbonyl region suggested that a pendant 
arm product with frss amine groups had been isolated. Secondly the ir 
shows a significant splitting of the imine peak (1655, 1644cm-') although 
there is no splitting ofthe pyridine signal at 1589cm-'.

The crystals were sent to V. McKee for X-ray structural analysis. The 
slightly cloudy nature of the crystals resulted in a poor data set (not 
communicated) which could not be refined past R = 0.15. However Dr.McKee 
did manage to obtain two different views of the cations which are shown in 
FIG 96. These show that each silver is tricoordinate taking one pyridine 
nitrogen, 1 imine nitrogen and one of the pendant arm MHz groups ie N3c or 
Rlc. This structure explains both the splitting of the imine signal and 
the appearance of the NHz signal in the ir. It also explains why the 
pyridine signal is unsplit with both pyridine nitrogens being coordinated. 
We can also observe that the two free amine groups are well disposed to 
undergo a Schiff base condensation with a dicarbonyl of suitable 
dimensions. This may offer the chance of introducing a different aromatic 
moiety into the system eg DFT, DFF etc which may lead to a ligand suitable 
for the synthesis of heterobinuclear assemblies.

Despite concentrated effort, once I purposely set out to prepare 2P, I 
found I could not. Our hopes for 2P were left in the air - well that was
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bÔ<

CD
O
COrH

o o
O) coco coco co

CO

o

-M-

"M"

"M"

'=ï

CO

'M-
rH

COk + +CL, co 00X X <y
u o X

X X o
CM CM XCM CM CMbO bO • bfl

<
'— '

CO sr O
rH co O

rH

S CM co
O CO LO
G) IS CO

e
CD

CM

CO
ha.

co
g

%

4"<

ST CM 00 O co
00 IS CM 00 CM
CM rH O O CO
rH rH rH tH

Or4
CO

LO 00 O co
co CD CO co
00 CM CO CMco CO CO 00

CO

o

LO

n:

co

CM

co
tH

co

CO

CO
CO

g

%
<

g

%
CMbO<

G)CO

G)
CM
CO
S

d:
ü

%
<

oo
rH

CO
lO
CO

CM

coococo
g

coXo
%

CM

co

co

o

co
lO

co
lO

co

+

rH
o co

Xo

%m.

oo

CMcots

co
Xo

%CQ.

'M'
LO

coco

CM

oI—Iü
co

Xo

Tm

XI
CO fi

-p f i
f i f i
Ad X
ü rH
fi f i
fi O
X

fi

X
CO

•H

-p

co
•H

rH 1—1
f i f i
CO f i
f i bO

CQ fi •H
-P co
CD XS
Ad f i ■p
ü f i f i
(0 •H X
u S
X f i co

f i Ad
fi -p f i
•H f i f i
Ad

x i fi.

CO >3 p
f i rH ,. ü
a ,—1 f i

f i •H
fi -P P
o f i CO
•H fi •H

E X
fi •H
co fi CM
fi fi

fi. P
X O
W X

fi A3 ü



00en
o
ü_

FfH- iiii



A Macrobicycllc study -Page 253

until I started writing up the work. So desperate was I to find something 
positive to write about this ligand I battled with microanalysis forms. 
Hey presto! - another experiment that was essentially a mistake has given 
the pendant arm species. The mistake - I had used diacetyl pyridine (DAP) 
instead of DFP, and in each of the 3 cases where I had done this, a pendant
armed species was obtained. The physical data (as it stands ie ir,
microanalysis and FAB) is given in FIG 97.

Thus it would appear that the condensation reaction of tren and DAP is
going to, in a reproducible manner, provide pendant armed species,
potentially suitable for further condensation.
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h'^ ' D\
Ligand 3S.

An Investigation into the complexing and conformational properties of this 
ligand are only just underway. Already some interesting results have been 
observed.

Despite 6 weeks effort the ligand 38 could not be formed in the absence of 
the silver template ion . The reactant dialdehyde shows an 80:20 ratio of 
cis cis, cis trans, isomers with little or no trans trans conformer 
present. Thus it appears that for this particular series of macrobicycles 
(ie 3Bm, 3Bp,3F, 3P and 38) it is the trans trans conformer that is required 
for cyclization. Certainly for 3F- and 3P where the trans trans form of the 
starting dialdehyde is available we can achieve metal free synthesis, and 
the X-rayed structure of 3F shows this trans,trans arrangement in the solid 
phase. This arrangement is also seen in the X-rayed structures of 
uncomplexed 3Bp and 3Bm (however no data on the initial conformer ratio's 
was found and thus it is not known if the trans trans conformer is 
important in these reactant dialdehydes- although from the preceeding 
discussion it is presumed that this is the case.)

For the templated complexes the cis cis arrangement of carbimine functions
relative to the aromatic ring is observed (eg. Ag23Bp(CF3803)z
and Ag238(CF3803)2 to be discussed). It would therefore appear that
due to the absence of the trans,trans conformer, a metal free synthesis of
ligand 38 is not possible.

AgzSSXCFaSCb )2
The disilver complex of 38 has been isolated both as the perchlorate and 
the triflate. The preparation of the perchlorate derivative is very 
sensitive to temperature and light - early reactions suffered from photo- 
and/or thermal decomposition, giving a silver mirror on the side of the 
reaction flask. However by carrying the reaction out at temperatures below 
30°C and in a blacked out reaction vessel and evaporation vessel a yellow 
crystalline sample of Ag238(C10a)2 was isolated. The triflate form of the 
disilver complex, although sensitive to temperature (reaction temperature
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<40*0 was not as sensitive to light and so it was only at the slow solvent 
evaporation stage was the precautionary measure of blacking out the beaker 
taken. The crystals of AgcSSCCFaSGs)^ so obtained in 81% yield were of 
X-rayable size.

The physical data for the complexes of 38 so far obtained are tabulated in 
Fig.99. (this is unavoidably incomplete.) The ir of the disilver complex is 
shown in Fig 100-1 and it is seen that there is no evidence for water or 
solvent being present-this was confirmed by microanalysis which supports 
the molecular formula AgaSSCCFsSOs)^. FAB results also strongly support 
this with signals at 969 (67%) and 711 (100%) corresponding to
[Agz38(CF3803]+ and CAg3F]=+ respectively. Conductivity measurements gave a 
value corresponding to a 2:1 electrolyte.
The uv spectrum of this complex shows 3' strong absorptions at 302 (42,000) 
270 (25,000) and 215 (36,000) and all are attributed to IT TT'!̂ transitions.

The 500 MHz spectrum at 294k Fig 101-1 and 233k Fig 101-2 show interesting 
differences. The data is tabulated in Fig 101-3. As in the disilver 
cryptate of 3F, but unlike the silver complexes of 3Bm and 3Bp the imine 
signal is split into a doublet at room temperature. This splitting is 
resolved even in the 250MHz spectra. As in the other complexes we attribute 
this splitting to a coupling of the imine hydrogen with the silver ion, 
with JHc-Ag=8.1Hz. As in [Ag23F]=+ the aromatic signal appears as a sharp 
singlet at 6*7.64

The methylene signals show very different behaviour with Ho. just resolved 
into its axial and equatorial components-these appear as 2 broad humps at 
3.45ppm and 3.80ppm. He on the other hand, appears as a slightly broadened 
singlet, on its way to coalescence at 2.89ppm. By comparing this spectrum 
to the room temperature spectrum of C A g a 3 F ] o r  [Agz3Bm] we see that it
is usually the higher field methylene signal that shows the higher Tc 
value, and thus the greater splitting. Indeed if we look at the spectra of 
uncomplexed 3Bp and 3F we see that this situation is reversed with the 
lower field signal showing greater splitting. Thus the conformation of this 
complexed 38 may be quite different from the complexed forms of the other 
ligands in the series.
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The 233k spectrum sees no change in the imine or aromatic signals, however 
there has been a significant change in the appearence of the methylene 
signals. Again the feint traces of baseline shoulders implies the presence 
of other conformations of this complex in solution and this is under 
investigation. Hd is now resolved into triplet and doublet features, 
however complete analysis at this temperature was not achieved because the 
apparent values of coupling constants from the doublet (Js«m = 10.49)
and the triplet (Jgmm = 11.55) are not consistent.

He although better resolved than at room temperature has not split into 
distinct axial and equatorial signals. This implies that the He protons are 
chemically and magnetically very similar.

The behaviour of the signals may be explained by considering Fig 102. The 
protons numbered 44 and 43 represent the He . protons. The axial and 
equatorial protons are symmetrically placed with respect to the bridgehead 
nitrogen and will therefore both experience an equal shielding effect of 
the lone pair of the bridgehead nitrogen atom. They should therefore have 
very similar chemical and magnetic environments resulting in the observed, 
very similar chemical shift. Protons Hns and Ha s  are the 2 Hd protons. 
Proton 45 is much more likely to experience a shielding effect from the 
imine's magnetic anisotropic field than Eaa and thus the 2 will have 
different magnetic environments and so different chemical shift values (as 
observed). H^e is assumed to be the equatorial proton as the doublet signal 
appears at higher fields than the relatively deshielded axial triplet.
That this is the case was confirmed by a low temperature noe experiment. By 
irradiating into He the imine signal, enhancements at Ha(1ü.5%) and D«c, 
(10.5%) were observed.This is a very large enhancement of the methylene 
proton compared to the other systems where enhancements of 1-4% have been 
noted for these protons. This suggests a closer approach of He  and D«d in 
this complex.

That the imine is split even at room temperature as in [Ags3F]2^ implies 
that the silver ions are held within the cavity rather than undergoing fast 
exchange as in the disilver cryptâtes of 3Bm and 3Bp. This necessarily 
implies a greater stability for [Ag238]=+ than CAgzBBml^^ or [AgzBBp]^^
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This Is not surprising given the enthalpic donor atom preference of silver 
for S > ÏÏH > 0 >C

Parker in studies towards a kinetically inert silver (1) complex for use 
in vivo (ie. stable with respect to acid or metal-catalysed dissociation) 
has been looking at the system shown in Fig 103.
The mononuclear complex shows a crystallographically imposed symmetry with 
the silver cation lying on the symmetry axis. The silver ion is 
hexacoordinate,with the HaSz donor atoms in a distorted octahedral 
geometry. He found that donors in the ring give rise to favourable 
enthalpies of complexation which is offset by unfavourable entropy changes 
associated with the tendacy of the sulphur lone pairs in the ligand to 
adopt exodentate conformations • which therefore require unfavourable 
conformational reordering prior to metal ion complexation. The protonated 
silver complexes have good stabilities compared to the parent complex 
because loss of one nitrogen binding site does not greatly impare silver 
complexation. Such a situation may be contrasted with the more dramatic 
loss of binding that occurs on protonation of silver complexes of polyaza 
cryptands^o.

THE X-RAY STRUCTURE OF Ag^<CF_3SQal^A

The structure of the disilver complex of 3S (determined by M.Drew) is shown 
in FIG 104.

The silver.... silver distance is 4.65Â.The structure shows there to be 4 
strong Ag-N bonds and 3 weak Ag-S bonds. Unfortunately the bond distances 
were unavailable at the time of writing. However it will be interesting to 
compare them with the 2 short (2.665Â) and 4 longer(2.781Â) silver-sulphur 
bonds of the silver complex in FIG 103.
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TRABSaETALLATIQB OF Ag^SSCCFaSQa)̂ :

As yet only transmetallatlons involving Cud) and Cu(ll) have been 
attempted. However both reactions give the same product- a bright orange 
microcrystalline product. Thus when copper (11) perchlorate is warmed with 
AgsSSCCFsSOs)^ in MeCI it is the orange product that crystallizes out of 
a green solution.
The ir of the complex is shown in Fig. 100-2 and it shows a significant 
difference to that of the silver complex of 3S. The imine signal is clearly 
split <1627, 1610cm)”'' which suggests that not all the imine functions are 
coordinated. The perchlorate signals at 1030 and 622cm”  ̂ are unsplit and 
thus the anions are not coordinated. Results of microanalysis are not yet 
available but a possible molecular formula on the basis of the ir is 
Cu238(C10a)2 with perhaps 1 or 2 waters) The electronic absorption 
spectrum shows only one ÏÏÏÏ* transition at 280nm. However there is also 
evidence of a MLCT band at 383nm(2600). FAB analysis 
certainly gives evidence for the binuclear copper complex giving peaks at 
668 and 731 (both 39% of base ion peak) corresponding to CCu3S] and [Cua38] 
respectively. However a strong peak at 743 (90%) corresponds to CCu3S +12^ 
ie CU2R3S]. I was unable to assign other main peaks at 614(95%), 701
(100%) and 915(40%). (They cannot be attributed to starting CAg23S3 
Conductivity results are in the range of a 1.2 electrolyte,

A 400Mz 'Hnmr of the orange [Cu23S]^+, complex has been run at room
temperature and at 233k Fig 105. Both are very similar and very 
complicated!. Data is tabulated in Fig. 101-3.
Both the imine and aromatic signals are very complicated. The imine appears 
to have 2 major components- a lower field quartet and a higher field 
singlet. This may well represent two conformers being present- one in which 
the ligand is uncomplexed (the singlet) and one which the ligand is 
complexed. Indeed the quartet component of the multiplet may be the 
Cu(1=3/2))-Hc coupling being resolved.
The ir shows that the imine signal is split and it may be that the signal 
in the nmr is merely reflecting the presence of coordinated and 
uncoordinated imine functions within the individual molecules rather than
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the presence of complexed and uncomplexed macrocycles. Of course the signal 
may be reflecting both of the above situations.

The aromatic signal at a =7.6ppmm Is again a multiplet that would appear to 
be composed of a dominant hlghfleld singlet and a pair of doublets. The 
pair of doublets suggests that the two Ha protons are not equivalent The 
coupling value for each doublet Is 3.8H= and this would support a coupling 
of the aromatic protons. We would only expect to observe coupling when the 
two Ha protons are not equivalent and this would be the case If the Cu' 
Ions were not symmetrically held In the cavity. The presence of the singlet 
would again suggest that there Is another conformer present In the solution 
phase In which the aromatic protons are equivalent (and thus no coupling Is 
observed).

This Idea of 2 major conformers being present Is given strength by the 
results of a low temperature noe experiment. (Fig. 106).On Irradiation of 
the singlet component of the He signal It Is only the singlet component of 
the Ha signal Is enhanced (6.0%). The result favours the convergent form of 
the Imlne functions .

The methylene signals are also very complicated. If, as we now expect In a 
complexed form of the ligand, that we get the axial (triplet), eq(d),eq(d), 
ax(t) arrangement of signals then the lowfleld signals would certainly 
suggest the presence of 2 conformers (In an 111 ratio) with two Hd axial 
triplets and 2 Hd equatorial doublets observed. He Is very complicated and 
the Integral suggests that It Is not fully resolved Into Its axial and 
equatorial signals. From the noe experiment discussed above, there was also 
enhancement of only one of the Deq. signals (6.0%). This noe result Is very 
similar to that In Ag;23S(CF3SÜ3)2. where Deq. and the aromatic signal were 
enhanced to exactly the same extent- thus one of the conformers at least Is 
In the cis cis arrangement, as In Ag£3S(CF3SÜ3)2. This cis cis arrangement 
would correspond to the singlets of the He, Ha signals, (this Is deduced by 
comparison with the spectra of the silver comlex).
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The reduced form of 38 Flgl07-1 has only just been obtained. Again 
reduction was achieved using sodium borohydride. The ir of the product of 
reduction Fig 107-2 shows the expected NH signal at 3336cm-^ and the 
absence of an imine signal at 1640cm-^. Both ir and microanalysis suggest 
that no water or solvent is present in the product. Mass spec also 
confirmed the cyclic nature of the product giving the mass ion peak at 617 
which corresponds to R3S.

First attempts at inserting Cu<l> and Cu(11). ions into R3S suggest that in 
contrast to the hexaimine derivative, the Cu(ll) ion is favoured. As yet 
any attempt to insert Cud) has yielded a green Cu(ll) product. The ir 
suggests that a hydroxo bridged assembly is being formed and although a 
satisfactory microanalysis has not yet been obtained a doubly hydroxo 
bridged dicopper complex is favoured by the results. Although FAB shows 
peaks that suggest successive loss of CIO*-, 968, 869, . 768, these
correspond respectively to

[Cu=R38(0H)(C10A)]+9H- 
C Cun:R3S (OH) (CIOa ) 3+9H-*- 
[Cu=R38(0H)3 +7H+ 

lo further results were available at the time of writing.
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The work described in this thesis is far from complete and there are many
areas of work that are worthy of development.

The nmr study of the ligand series still requires a great deal of 
work, especially on the 3 heterophane systems where highfield V.T.nmr 
spectra and noe experiments are still to be carried out. The recent 
availability of a 500MHz nmr spectrometer will be "well exploited" in this 
respect. Indeed it is hoped that this together with molecular modelling
studies will greatly assist in our understanding of the fluxional processes
in these molecules.

Both nmr and X-ray crystallographic analysis results suggest that the 
uncomplexed ligands show a trans trans arrangement of carbimine functions 
(ie divergent) in contrast to the complexed form of the ligands where a cis 
cis arrangement of these functions is observed. The trans trans arrangement 
in the metal free derivatives suggest that it is the trans trans conformer 
of the reactant dialdehyde that leads to macrocyclization. This is 
supported by the fact that the ligand 38, which cannot be isolated in its 
uncomplexed form, is derived from a dicarbonyl precursor which has no trans 
trans conformer present in the initial equilibrium ratio of conformers.

One of the main incentives for moving from the macrocyclic study to the 
macrobicyclic study was to try and find a system that offered better steric 
protection for bridged binuclear assemblies and thus offered a more truely 
isolated environment for magnetic interaction. This aspect of the study is 
not yet fully underway due to lack of success of the transmetallation 
reactions. Insertion reactions are in progress for the reduced and 
unreduced ligands; initial results suggest that the cavities provided by 
these ligands are suitable for hosting a M-0(H)-M assembly.
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The silver complexes of the hexaimine ligands are worthy of a stability 
study, with respect to aqueous or acid catalysed decomposition. The Hnmr 
spectrum of AgsSSCCFsSOs)^ suggests that ligand 38 may be a useful silver 
ion molecular host.

All 5 hexaimine ligands form [CuzL]=+ complexes and an electrochemical 
study on this series is planned.

LIGAHD8 3Bm/R3Bm.

1. A high temperature nmr study is required to establish the coalescence 
temperature of the fluxional process of the methylene groups.

2. A full investigation of the reaction of copper(11) with 3Bm is required, 
with magnetic, esr, and electrochemical studies, of both the green and blue 
complexes, being high priority.

3. The complexation properties of R3Bm are currently being investigated by 
Josie Hunter. However the isolation of the protonated form of this ligand 
suggests that a study of the basic properties of R3Bm could be made

LIGAMDS SEpZKSBp.-

From the low temperature nmr spectrum of the silver complex of 3Bp (Fig. 
63-7) it is clear that other conformations are present in solution;a full 
investigation in collaboration with M. Drew is underway.

LIGAMDS 3F/E3E,.

1. The behaviour of ligand 3F with Group I metal ions is certainly worthy 
of development. The stability of the mononuclear sodium cryptate in aqueous 
solution and ^sRa nmr studies are obvious first steps in this 
investigation.

2. The hexaimine ligand 3F formed a hydroxo bridged di-copper(11) complex 
and early magnetic results suggest a strong antiferromagnetic interaction
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can be mediated via this single bridging group. For the more flexible R3F 
this bridging group is formed with both manganese and cobalt. In the case 
of nickel it is the bis-hydroxo bridged unit that is formed. Ro copper 
complex has been isolated with R3F suggesting that the unreduced ligand is 
required to provide good fit for the smaller copper(11) ion.

LIGARPS 3P/R3E.

1 A study of 3P with the Group II metals should be made to see if it is 
possible to account for the lack of success of the transmetallation 
reaction. It is hoped that the "insertion" approach to complex synthesis 
will be more successful.

2. The octaamino derivative of 3? requires a full investigation both in 
terms of nmr and its complexation properties.

3 The pendant armed species, 2? and 2Pc h3 might be useful precursors of 
asymmetric cryptands. The complexation properties of such ligands might 
prove interesting.

LIGARPS 3S/E3.&-

A full investigation of these ligands is required. However the stability of 
the silver complex of 38 is especially worthy of investigation.

HEXAAZA LIGARPS,

A move to the analogous carbon bridgehead cryptand series is planned in 
order to ensure coordinative unsaturation of encapsulated metal ions and in 
particular copper. ;
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Appendix 4 Spin Relaxation Effects.

The equilibrium magnetization, of a sample is aligned along the z axis. 
This magnetization is M o. and is a direct result of the difference in 
energy between the states. To alter the z component of the magnetization., 
Mz. the energy of the spin system must be changed by perturbing the spins 
with the radio frequency pulse. In order for the spin system to return to 
equilibrium, there must be an interaction between the spins and the 
surroundings, or lattice, leading to a loss of the excess energy. The rate 
at which the system returns to equilibrium will depend upon the ability of 
this interaction to convey energy into or out of the system. The return to 
equilibrium is not instantaneous, but usually occurs with a first order 
rate constant. Ri.
Since relaxation phenomena are usually studied by •time dependence 
measurements, it is common to see the relaxation time constant, Ti, used 
rather than the relaxation rate constant.

Ri = 1 /T i

For 'H or C nuclei in diamagnetic molecules in solution, Ri. is of the 
order of a few s~'' or less; it will therefore require a time of the order 
of seconds for the spin system to return to equilibrium. Ri and Ti are 
referred to as the spin-lattice relaxation rate constant or time constant 
respectively.

Once disturbed from equilibrium, the magnetization may have components in 
the xy plane and these will also relax to their equilibrium value of zero. 
The xy magnetization will decay at least as fast as spin-lattice relaxation 
returns the magnetization to the z axis. However, the xy magnetization can 
also be lost by additional processes which cause components of the xy 
magnetization to fan out or dephase, producing a net xy magnetization of 
zero. These additional processes do not necessarily require any change in 
energy, so the rate of xy relaxation may be faster than the rate of z
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relaxation. The relaxation rate constant in the xy plane is denoted Rz 
while the relaxation time constant is Ts 

R= = 1/T=

ROE's and relaxation rates are population effects. In the nmr experiment, 
excess spin population is moved from one energy level to another by 
electromagnetic radiation of the appropriate frequency. This is 
excitation.The radiationless return to equilibrium is called spin-lattice 
relaxation because the excess energy passes from the spins to the lattice 
(or surroundings in general) as heat. This relaxation requires magnetic |
fields which are fluctuating at the appropriate frequency. These can arise |

I
from many sources, but, for both protons and carbons in diamagnetic |

''molecules, the dominant fields are due to the magnetic moments of protons Æ 
in the same molecules as they tumble in solution. This,is the dipole-dipole \ 
interaction.
The rate, or efficiency, of dipole-dipole relaxation depends on both the 
strength and frequency of the fluctuating magnetic fields.These, in turn, 
depend on three factors; (a) the distance between the nuclei involved, ri»;
(b) the effective correlation time, t c , of the vector which joins the 
nuclei (ie, the reciprocal of the rate of tumbling in solution of the
relevant piece of the molecule); and (c) the nature of the nuclei
themselves. Ruclear Overhauser enchancements and the rates at which they 
grow and decay, are also measures of the strengh of the dipole-dipole
interaction between two spins, and are, therefore, dependent on interatomic 
distances and correlation times. Therein lies their great power as
structural probes.
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